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PHYSICS

UDC 535.375
ON THE PROPERTIES OF CAVITIES WITH WAVEFRONT-REVERSING MIRRORS
Moscow KVANTOVAYA ELEKTRONIKA in Russian Vol 6, No 1, Jan T9 pp 38-lk
[Article by I. M. Bel'dyugin, M. G. Galushkin and Ye. M. Zemskov]

(Text] An examination is made of the problem of the mode
structure of a flat cavity with wavefront-reversing mirrors.
An integral equation is derived for the modes of oscillations
of such a cavity. It is shown that the modes of a cavity with
wavefront-reversing mirrors coincide with the modes of a
conformal cavity of the same length.

Methods of wavefront reversal based on various properties of nonlinear
scattering of light in a medium have recently received intensive development
(Ref. 1-4]. The use of such methods eliminates the distortions introduced
by inhomogeneities of the index of refraction of optical media into the
wave fronts of well collimated laser beams [Ref. h]. It is also obvious that
vhen the reflectivity is sufficiently high, a wavefront-reversing (WFR)
medium can be used as one of the mirrors in the optical cavity of a laser.
By analogy with Ref. 4 it can be expected that with use of such a cavity
the optical inhomogeneities of the active medium will have little influence
on the appearance of the laser field beyond its output mirror, the form of
the field itself being determined by the properties of the cavity mirrors.

This paper deals with the investigation of the properties of flat cavities
having a WFR mirror as one of the reflectors.

From the standpoint of optics, a WFR mirror is one that transforms the phase
of the incident wave field. If the field at the input to this medium is
denoted by Ui, and the field at the output from the medium is denoted by Up,
the action of the medium can be described by the equation

Usln)=cU; (nU(0)/U; (0), )
where r is the distance to the optical axis, !¢c|<l is a complex constant

that is independent of the form of field Uj and is determined by the re-
flecting properties of the medium. The factor Ui(o)/Uf(O) in (1) is necessary

‘.
1
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_ since without it the phase increment of the field with transition from a
field Ui(r) to the field Ug(r) according to (1) depends on the zero for
reckoning time, and the selection of the coordinate origin on the optical
axis. It should be noted that the considerations glven here relative tu the
phase factor U;(0)/UF(0) in (1) are important only for the case of media
that reverse the wave fronts without altering their frequency. It is only
for such media that the concept of modes of oscillations of the corresponding
cavity makes sense, and it is only thanks to the factor U (0)/u$(0) that the
modes of oscillations have a definite frequency, as will be shown below.

On the other hand, if the medium reverses the wave fronts with a change in
frequency, as in stimulated. Mandelstam-Brillouin scattering, we are dealing
not with modes of oscillations, but rather with modes of propagation of
fields (see for instence Ref. 5) for which there is no definite steady-state
frequency. In this case the phase factor U;(0)/U#(0) is not important since
it has no effect either on the form of the field of modes of propagation or
on the magnitude of their losses. .

Hereafter for the sake of definiteness we will assume that the WFR mirror

of a flat resonator is rectangular in shape, and its transverse dimensions
are much less than the corresponding transverse dimensions of the output
mirror. As implied by the theory of open resonators [Ref. 6], it is suf-
ficient to consider a cavity with mirrors in the form of infinite strips to
determine the form of the field of modes of oscillations and the corresponding
losses in cavities with mirrors of rectangular shape. With consideration of
(1), where we set c=1 for the sake of definiteness, the corresponding
integral equation is written as

W) =VT § exp (s (r—y} U 0777 dy (2a)
or more briefly - o
W=k, (20)

' vhere a=d//m, 22 is the transverse dimension of the WFR mirror, L is the
distance between the mirrors of the cavity. Integral equation (2a) relates
the field on the WFR mirror to the field on a mirror that is the image of
the WFR mirror in an output mirror that has an infinite transverse dimension.

Let us first find the solutions of equation (2) for the condition a=®.
Assuming that there exists a Fourier transform

l -«
YO=35 _5‘. U (t)exp (—jtt)dt @
of the function U(x), and applying it to both sides of equation (2), we get
the functional equation
W(R)=explj E%/(4a) 1V*(— BU(0)/U*(0). 0]
Introducing into consideration the function V() according to the relation
V(®)=V(Blexp [} §%/(8m) 1, ®
[ ]
2
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we transform (&) to

W=V (= DUO/U*O). ®
The general solution of equation (6) takes the “form
HB=FR), =1, )

vhere F(£) is an arbitrary complex function subject to the conditions
IF(R) I IF(—R) |, arg F(¥)-+arg F(—~ §)+arg [yU(0)/U*(0)]=2kx, k=0, l(éj

Relations (7) and (8) together with (5) give solutions tiat are symmetric
relative to the axis coincident with the optical axis of the cavity with
finite nirrors (1. e. solutions that have a definite frequency), as well
as solutiond that are symmetric relative to other axes displaced parallel o
the optical axis. We will concern ourselves only with solutions of equation
(6) with a definite frequency. In this case, we write relations (7) and (8)

in the form .
: V(O=F(B), F(Y=2F—2; WO Q)=L1. ®

- Substituting (9) in (5) and using the inverse Fourier transform, we get

U=V T [ ) exp1—j2n (x—y)*1dy. (10)

Here f(x) is the Fourier transform of the function F(£). Since #(g) is
essentially an arbitrary real function that has a definite frequency, f(x)
is also an arbitrary function that satisfies relations f(x) = f(-x) when
F(g) =F(-£), and £(x) = 3£,(x), where f(x)=-f;(-x) is a real function

vhen F(g) =-F(-£). Equation (10) also implies that f(x) is the distribution
of the field on the output mirror. A general solution that corresponds to
relatiors (5), (7), (8) is also given by expression (10), where £(x) is a
real function of arbitrary form now with accuracy to multiplication by a
complex constant.

If we set

F®)="Ho(V Zxfw)exp (—rud), (1
where wy is the half-width of the gaussian beam exp(-x2/wf§), then
Ulxy=ir(wa/w)*Ho(V " 2x/w)exp i—jZnxtq)exp [j(n+1/p)arctg(@nud),  (12)

w=w,[1+(2nwd)~)%, ¢=1+j2nw?. (13)

Thus the modes of oscillations of a cavity with WFR mirrors may be Hermitian-
Gaussian beams having a plane phase front and arbitrary half-width wg on the
output mirror. For comparison let us recall that for cavities with symmetric
concave mirrors the modes are also Hermitian-Gaussian beams, but with a
fixed half-width wg that is determined by the radius of curvature of the
mirrors and the distance between them.

where

If we set

exp(—j2nxt/g)=exp[—(a+jB)x?], (14)

3
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ve have the relation
ot (fin)=n, (15)

This implies that the minimum half-width of the Gaussian beam on the WFR
mirror of the cavity takes the form

wea(2LA) % = (2LA/e) = (2LA[R) %, - (16)

which corresponds to the half-width of a Gaussian beam on the mirror of a
confocal cavity having length 2L.

Let us go on now to find the solutions of equation (2a) at finite wvalues of a.
It can be readily seen that equation (2a) differs from the corresponding
integral equation for the case of ordinary flat mirrors only in the sign of
complex conjugation over function U(x) in the integrand. Since the solutions
of this equation for finite values of a are complex (see for instance Ref. 6),
they cannot be solutions of equation (2a). Howvever, it is known that the
eigenfunctions corresponding to the modes of a symmetric confocal cavity

(and only such a cavity) are real for any values of the transverse dimensions
of the mirrors [Ref. 5]. If we introduce into consideration the function

V(x) that is related to function U(x) by the expression

Ulxy=V(x)exp(—ijnz?), (17
then equation (2a) takes the form
W)= VT | exp {12} v* 0) voiey do 18)

With accuracy to the operation of complex conjugation under the integral,
equation (18) has the form of the equation for a confocal cavity. There-
fore since the solutions of the integral equation for a confocal cavity are
real, they will be solutions of equation (18) as well. These solutions
(see for instance Ref. 5) take the form

] .
o b ), 19

vwhere the functions Sp, Ry are real, and are called spheroidal. Since
spheroidal functions form a complete orthogonal system of functions and

bm > Wmex l N=1,2, ..., (20)

then the functions Vp(x) defined by (19) are not Just some of the solutions
of (18), but represent all its possible solutions.

When a?»1 and (x/a)2«1 ve have the relation
£\ T{m24+1) —na) . 21)
Su(onet, 5) = TREE Ha 0V 2000 (=) -
Thus the solutions Up(x) of equation (2a) defined by expressions (17), (19)

are approximately Gaussian-Hermitian beams (12) with parameter w=n
corresponding to the case of a confocal cavity. We also note that we have

4
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found sélutions of form (21) when m=0.,1 by using a computer iteration
method to solve equation (18)., There is an understandable reason why such
a wide variety of solutions (10) of egation (2a) for a == are transformed
to Hermitien-Gaussian beams with w=r= in the case of finite mirrors. For
instance let us assign the actual field on the output mirror of the cavity

_ in the form of a Gaussian beam: f(x)=exp(-x2/w§). Then when wo»l such a
beam will have greater losses on WFR mirrors because of its large transverse
dimensions over the entire space between mirrors, and when wo«l the losses
will be large due to strong diffraction broadening of the beem. Simple
exact calculation _ghows that the minimum losses for all finite mirrors awill
occur at wg = (2r)=4, which corresponds precisely to the field distribution
of the lowest mode of a confocal cavity.

The way that the described transformation takes place can be traced on the
example of the int.sral equation

W@ =VT [eni—ine—ien (-4} 0 ES 0, @
- vhich is approximately equivalent in its properties to equation (2a). Sub-
stituting the function U(x) in the form
U(x)mexpl— (o jB)x, @)

“in (22), we find that (23) is a solution of equation (22) with satisfaction
of the conditions

P
Gran—T¢+m Hir=—a—i (2ha)
or _
a'+ (B + n)* + a/at= Y
(B+x)/at=0.
System of equations (24) uniquely defines the values of parameters & and B:
Bm —n, @a=—(2)+V (2a)+n. " (25)
At arbitrarily large but finite values of a
. asgn, f=-—n, . (26)

(24v)

end solution (23) corresponds to the mode of a confocal cavity, and at a=«
conditions (24b) are converted to (15) and the half-width of the Gaussian
beam is not uniquely defined.

Our presentation has shown that cavities with WFR mirrors have certain
disadvantages as compared with ordinary flat mirrors, specifically: 1in an
ordinary flat resonator the characteristic transverse dimension of the field
.of the lowest mode on the mirror is of the order of the transverse dimension
of the mirror itself, whereas in a cavity with WFR mirrors the size of the
field on the output mirror

wy=(LA\/x)% @n

5
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does not depend on the transverse dimensions of the mirrors, and for typical
experimental situations is quite small. For instance when L=1 m, A=1 um
the half-width #(=0.25 cm. To some extent, this circumstance probably
places under doubt the advisability of using suth cavities in lasers with
large transverse dimensions of the active medium. Nonetheless, in our view

- th. use of cavities with WFR mirrors for pulse lasers may be considered
sound.

In actuality, with large transverse dimensions of mirrors i% can he expected
that the solutions of (10) with functions f(x) that have characteristic
dimensions less than the mirror size g and that vary fairly smoothly with
respect to the transverse coordinate within the limits of this dimension
will be approximate solutions of equation (2a), or in other words will be
approximate modes of oscillations of the cavity. Here the term "approximate
modes of oscillations of the cavity" is understood to mean that the form of
the field described by such functions with satisfaction of stipulated con-
ditions will be practically duplicated on the mirrors over the extent of a
large number N of passes through the cavity. The number of passes N for
pulse lasers may be greater than the number of passes of emission over the
length of the cavity during a lasing pulse, and then such an approximate
mode of oscillations will be practically realizable. :

Thus for pulse lasers in addition to the problem of finding the exact solution
of equation (2a) the question arises of studying the nature of the change in
approximate solutions (10) of equation (2a) depending on the form of the
function f(x), the transverse dimensions @ of the mirror and the number N

of passes, and as far as we know this problem has no analogs in the conven-
tional theory of open resonators. Probably the consideration of such a
problem will in future be the basis of research on the theory of cavities
with WFR mirrors.

In conclusion, let us consider the problem of the influence that optical
inhomogeneities have on the mode structure of fields in a cavity with WFR
mirrors. In doing so, we limit ourselves to media for which the index of
refraction n depends on the coordinate according to the law

a(r, 2)=ny(2)+ny2)r". (28)
It 1s known [Ref. 7, 8] that in this case the optical properties of the
medium located between the mirrors can be deseribed by a transfer matrix:

r-(;:q g), AD—CB=1, 29)

The transfer matrix that relates the field on the WFR mirror to the field
on its image in a flat output mirror takes the form

AD +CB 28D (l 0)

24c  Ap+cB)* °=\o—1)"

Using the elements of matrix T), we get an integral equation for fields
on the WFR mirror:

Ty =0T-%T= ( (30)

6
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“ }'f. t

YW=V f exp {Wal(ex’-kgy'—m)}u‘(y)#%dy. @1

where 'q,-d/v‘ZlBDh, g=AD-CB, the sign "-" in the exponential function

corresponds to BL>0, and the sign "+" -= to BD<0. If we introduce into
consideration the function V(x) in accordance with the relation
. Ulx)=V(x)exp(/ngx’), 82

then equation (31) is transformed to equation (18), which we considered
in detail above. '

Thus we find that when there is a medium between mirrors described by matrix
T, the fields of the cavity on a WFR mirror are Hermitian-Gaussian beams
with half-width

we=(2 |BD |Mn)% (33)
and radius of curvature '
R=:2|BD |/(AD+CB). (34)
If now in agreement with Ref. T we introduce into consideration the parameter
q such that R - .
‘ 1/g=1/R—jN(nu"), ' (35)

and take into consideration that the parameter §g on the output mirror
is related to § by the expression

%=(Ag+B)/(C3+D), ' (36)
then for the parameters #y, Ry we get
Ry=co, dy=I[(Mn)|BID |}%. @n

For an ampty cavity D=1, B=L and (37) coincides with (27). In other cases
the half-width of the beam (37) generally speaking is not equal to the
half-width of the beam (27), and optical inhomogeneities have a definite
effect on the form of the field on the output mirror of the cavity.

Let us illustrate what we have said on the basis of an example of a thin
lens with focal length f, located a distance I from the output mirror of the
cavity. In this case we have

s
e ~ (Al m—i1ir—n |\/?
a2t ]) " ) :

Thus when =L, i. e. when the lens is up against the WFR mirror, it has

no influence on the form of the output field, regardless of lens power. =
Contrariwise, when Z =0 the lens has the maximum effect on the form of the

field, but this effect is insignificant when |f|»L, i.e. in the case of

small optical inhomogeneities of the medium.

7 [ J
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PHYBICS

uDC 539.2

INVESTIGATION OF LASER AMAGE TO CRYSTALS UNDER THE ACTION OF A CaFj:Er’*
LASER (A=2.76 um)

Moscov KVANTOVAYA ELEXTRONIKA i1 Russien Vol 6, ¥o 1, Jan 79 pp k5-48

(Article by G. V. Comelawri und A. A. Manankov, Physics Institute imeni
P, N. Lebedev, Academy of Sciences USSR]

(Text] A study is done on laser destruction of a mumber
of alkali halide and other crystals on A=2.76 um using
8 laser on a crystal of CaFy:Er?* (pulse duration 85 ns).
Results obtained on the most optically stable specimens
of NaCl at different temperatures (in the range of
300-1000 K) are compared with data of measurements on
other vavelengths and discussed on the basis of the ava-
lanche breakdown mechanism. It is found that the mea-
sured threshold on A=2.76 um at T=300 X together vith
data found previously on A =10.6, 1.06 and 0.69 m are
satisfactorily explained by the theory of avalanche
ionization at a value of the parameter of effective rate
of electron-phonon collisions vee=6+101% g=1  although
the theory does not explain the temperature dependence of
the destruction threshold observed on A =2.76 um.

1. Introduction

Until recently the study of laser destruction in the infrared range has been
- limited to only two wavelengths: 10.6 um (002 laser) and 1.06 um (neodymium
or garnet lasers). At the same time, the study of laser destruction on
other wvavelengths of the infrared range is of undoubted interest for ex-
Plainirg the mechenism of laser destruction since the frequency dependence
of the threshold of destruction is one of the most characteristic criteria
of the mechanism of destruction [Ref. 1, 2]. Studies done in Ref. 3 on
laser destruction of a number of alkali halide crystals on A =0.53, 0.69,
1.06 and 10.6 um showed that the mechanism of destruction for the most
stable specimens may be avalanche fonization. Hovever, an analysis of
experimental datas on the temperature dependence of the threshold of de-
struction at A =10.6 um based on the theory of avalanche ionization shoved

9
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considerable discrepancies between theory and experiment for which the

- causes remain unexplained. In this connection, in our research we studied
the same crystals as in Ref. 3, using a laser on a CaFy:Er3* crystal [Ref. 4]
(A=2.76 um). An investigation was made of the temperature dependence of
the threshold of destruction in NaCl crystals, and destruction thresholds
vere also measured for a number of alkali halide and other crystals (xc1,
KBr, KI, CsI, CsBr, LiF, NaF, RbCl, BaF;) at room temperature.

2. Description of the facility and experimental method

A dlagram of the experimental setup is shown in Fig. 1. The laser operated
in the mode of isolated pulses on the fundamental TEMgo mode, and pulse
duration at half-height was 85 ns. A small part of the laser beam was
coupled out by a CaF, plate to monitor pulse energy. Beam attenuation was
handled by using calibrated BS glass filters. The emission vas focused
inside the study specimens by using a CaF, lens with focal length f=24, 31,
4O mm; the lenses were placed 4in the far zone of the laser beam. A method
of "photoemulsion burn" similar to that described in Ref. 3 was used to
determine the distribution of intensity in the focus of the lenses. The
distribution of intensity in the cross section of the caustic vas near
Gaussian. The beam diameter in the minimum cross section of the caustic for

Pig. 1. Diagram of the experimental installation: 1--031?2:&'3’ laser;
2—He-Ne laser; 3--CaF, plate; U--calorimeter; S--chart recorder; 6--
BS glass attenuating filters; 7--CaF, lens for focusing emission inside
the specinen; 8--specimen

the lens most frequently used with focal length of £=24 mm on a level of
1/e of the maximum intensity was 20 um, which is close to the diffraction
limit (18.5 um). The radiation was focused in the body of the specimens
at a depth of a fev millimetres. Destruction was determined visualiy by a
spark and by scattering in the helium-neon laser beam. A new point of the
specimen vas tested each time, regardless of destruction.

Measurements of threshold intensities of destruction using lenses of different
focal lengths gave close results, indicating the absence of influence of
self-focusing of radiation. The aciuracy of weasurement of the threshold
intensities of destruction was 10% tor relative quantities, and 50% for the
absolute values. The temperature dcpenience of the thresholds was studied in
a range of 300-1000 K.

3. Experimental results and their discussion

In the investigation of laser destructior of different crystals, considerable
veriations in the threshold of destruction vere observed from one specimen

10
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1o another. The results of distribution studies for a large number of NaCl
crystals with respect to threshold of volumetric destruction at room tem-
perature are shown in Fig. 2 in the form of a histogram. Given here for
comparison are analogous results for the same faCl crystals as found pre~

- vio:sly (Ref. 5] on 1=10.6 and 1,06 ym. A comparison of the distributions

. shown in.Fig. 2 shows that in the main, the same group of crystals has a

- maximum thresheld both on A =2,76 um and on A =10.6 um, whereas on A=1.06 um

4 the thresholds of crystals of this group are not maximum. Besides, on
A=2.76 um the distribution has a single maximum, in contrast to the dis-
tributions for the two other wavelengths.

'l

A
’
0
A

W/em?
LoYnfor
wya 12 59

Fig. 2. Histograms of the distribution of thresholds of laser destruction
of crystals of sodium chloride (A--number of specimens) at room temperature
for A=10.6 (a, Ref. 5), 2.76 (b) and 1.06 um (c, Ref. 5)

The observed variations of thresholds and the lack of correspondence of the
histograms on different frequencies shows the considerable influence that
impurities and defects have on the process of destruction, wvhich differs

on different frequencies. However, it can be expected that the natural
mechanism of destruction, which does not necessarily occur in the same
crystal on all frequencies, is realized only in crystals that have a maximum
threshold of destruction on each of the frequencies. From this point of
departure, in analyzing the frequency dependence we used the data fouad on
crystals having maximum thresholds of destruction.

In addition to NaCl, other crystals were also studied in our reseerch. The
thresholds of volumetric destruction for the most stable of the specimens
at our disposal are summarized in the Table. Since we did not have an
adequate supply of such specimens, it remains unclear whether the measured
thresholds are maxinum on A=2.76 ym. A comparison of these thresholds with

11
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Thresholds of lasor destruction (in 1019 W/em2) of some crystals at room

- temperature
i I 10W Brew WjomZ —
Kpacrana . l-o.m Aou0, 00 EI l-l.ﬁ.wunl ‘w78 Hllnl lnlﬂ.lnllll
mt&l 1-.n' tm| ? tm IOnE !-l&ng ‘-.nae
Lie 2 . 8 | o |
NeF [ 13 14 8
= 28 8 7 0.1
Be 6 8.8 8 0,8 1,2
3] o K] 23 | o4 | °®
?%l 0:‘ ’:7 0:3
BaF, : 1)

' Note: Destruction thresholds on A=0.53, 0.69, 1.06 and
10.6 ym are taken from Ref. S. .

the thresholds of destruction on A=1,06 ym indicates that they are apparently
close to the limiting values, and therefore the given results, supplementing
available experimental data on frequency dependence, may be of interest in
elucidating the mechanism of destruction in the investigated crystals.

We did a detailed study of the temperature dependence of thresholds of laser
destruction of NaCl crystals on A=2,76 ym. In this research, the values
of the thresholds with rising and falling temperature vere not reproduced
on specimens with relatively low initial thresholds (at T= 300 K): the
threshold of destruction increased with a change in temperature in the

cycle 300 K-+1100 K+300 K. An analogous hardening effect was observed
previously for the same crystals on A=1.06 and 0.69 um [Ref. 3], and was
qualitatively attributed to the influence of impurities on the basis of

a model of formation and degradation of impurity clusters during heat
treatment. It was shown in Ref. 3 that the true temperature dependences of
the thresholds of destruction typical of the natural mechanism of destruction
can be obtained only on specimens that are not subject to the mentioned
effect of hardening. Such a relation for one of the most stable NaCl
specimens plotted on A=2.76 um in a range of 300-900 K is shown in Fig. 3.

1, 1010 w/em?

™ W w W w Mt

Fig. 3. Temperature dependence of the threshold of intensity of laser de-
struction of a sodium chloride crystal on a wavelength of 2.76 ym
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Assuming that the observed dependence is inherent in a natural destruction
mechaniihn Buch as impact ionization, let us compare this dependence and that
predicted by electron avalanche theory [Ref. 1, 2]. According to the

theory, a falling temperature dependence can be observed if the effective
frequency of electron-photon collisions vepy is less than the frequency of
laser efission [Ref. 1]. A quantitative comparison with the formula for the
critical field in this case leads to vep =2:101% g-1,

The frequency of electron-photon collisions can also be evaluated from the
frequency dependence of the tareshold of laser destruction. Using the data
of Ref. 3 for measurements of the thresholds of destruction on *=10.6,
1.06 and 0,69 ym®, we find that the threshold measured by us on A=2.76 um
agrees well vith electron avalanche theory if a value of 6+101% g=! 1g taken
for vep. It is evident that this value differs appreciably (outside the
range of experimental error) from that found from temperature dependence.
This discrepancy is still unexplained. It can be assumed that the quantity
v, f-6-101" s~! is apparently more preferable since it gives a good explana-
tion of the frequency dependence of the threshold of destruction over a
fairly wide range of emission wavelengths A (from 10.6 to 0.69 yum).

Let us note that an analogous discrepancy in data for Ver Obtained from tue
temperature and frequency dependences of the thresholds of destruction was
observed previously in studies of laser destruction in alkali halide crystals
on A=10.6, 1.06 and 0.69 um in Ref. 3, where it was shown that the developed
theory of avalanche ionization gives a good explanation of the temperature
dependence for high<frequency radiation (A =0.69 and 1.06 um), but does not
explain the lack of dependence of the destruction threshold on temperature
for low-frequency radiation (A =10.6 um). Our results also indicate such

a discrepancy. All this leads to the thought that in the low-frequency
region the process of avalanche ionization differs from that in the high-
frequency region. A final explanation of this problem requires further
theoretical and experimental research.
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PHYSICS

UDC 621.373.826.038.823

CHARACTERISTICS OF RADIATION EMITTED BY A PERIODICALLY PULSED CO, LASER
USING AN ATR-CO, MIXTURE

Moscow KVANTOVAYA ELEKTRONIKA in Russian Vol 6, No 1, Jan T9 pp 49-56
{Article by §. V. Drobyazko and L. G. Zhuravskiy)

(Text] It is experimentally demonstrated that laser pulse
duration can be regulated over a wide range (0.1-80 us) by
changing the composition of the mixture and the Q of the
cavity of a periodically pulsed CO, laser on an air-CO,
mixture with average pover of 500 W. A semi-empirical model
is proposed for calculating the parameters of the lasing
pulse that enables optimization of the cavity and analysis
of energy losses for different mixture compositions based
on measuring the output characteristics of emission for a
knowvn cavity and known dimensions of the active medium.
The theoretical results agree well with the experiment.

Periodically pulsed €O, lasers (PPL's) with average power of the order of

1 MW are needed for solving a number of scientific and technical problems.
For some applications (location, isotope separation, initiation of chemical
reactions) short (0.01-1 us) powerful laser pulses are required, while in
other applications (cutting, welding, drilling, tempering) the pulse duration
must lie in a range of 0.01-1 ms to prevent optical breakdown of the medium
_in front of the target.

The emission pulse of a high-pressure (O, laser with transverse excitation
consists of a short powerful spike and a long low-power component [Ref. 1]
that as a rule contains an appreciable part of the total pulse energy. The
energy in the spike is determined chiefly by the degree of excitation of the
v3 mode of CO; by the instant of onset of lasing, while the energy in the
long component is determined by the degree of excitation of vibrational
levels of nitrogen. In the very earliest research on pulsed CO, lasers
vith transverse excitation [Ref. 2-4] it was noticed that the emission
pulse shape 1s influenced by the composition of the mixture, but not until
Ref. 5, and later on in Ref. 6 and 7 was a systematic study dcne on the
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influence that the composition of the mixture and the Q of the cavity have
on the characteristics of laser emission. The research was done on mixtures
containing from 60 to 90% He.
In connection with the feacibility of developing open-eycle and closed-cycle
PPL's on helium-free mixturds, and in particular using an air-C0, mixture,
an urgent problem is the study of the characteristics of laser radiation for
these mixtures. Ref. 8 describes a PPL on an air-C0; mixture with open gas
cycle and average power of 500 W. Here we glve the emission characteristics
- of this laser for different compositions of the working mixture and Q's of
the cavity. A semi-empirical model is proposed for calculating the parameters
of the emission pulse; this model can be used to optimize the cavity and to
analyze energy losses for different compositions of the working mixture.

The experiments were done on the facility described in Ref. 8. The circuit
diagram and cathode design are shown in Fig. 1. 1In all experiments

. =1 T
e __.}"')i Py ¥ lm(s)
_I_ l;v ale 4 Iﬁv(t))

1 6) w,
— Ew" s (20)
A " fur (13)
X . —

2R I ot e
F 5

Fig. 1. Electric circuit of the setup of Ref. 8 (a), and cathode design (b):
l--common contact of ballast resistance; 2--ballast resistance (eleetrolyte);
3--copper plate (base electrode; l&--manllsd:or; S5--cathode pins; h.hl’z--shunts

KEY: 1l--Lq, 8“'caux
2--Creg 9—Igux
3-~Dres 10"Ibase
h--Vc 11--Lyy
5--R{LY 12--R;p
6--RALY 13--t0 Cpag

~ T--Rpa1 1l--to Caux

Cres =0.1 WF, Cqyy =0.05 uF, Ryay =500 R, and the voltage across the reservoir
capacitor was varied from 22 to 36 kV. The cathode device (Fig. 1b) consisted
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of a base electroda -- a copper plate 5 mm thick with apertures 3 mm in

. diameter (spaced 5 mm apart) -- cooled by water around the perimeter, and
auxiliary electrodes made in the form of pins 1 mm in diameter coaxial with
the apertuces in the plate ind insulated from the plate, so that at one end
the ping are flush with the plate and face the unode, while the other ends of
the pins.are connected through ballast resistances to a common bus. Tais
electrode system produced a stable glow discharge for any ratios of the
components of the air-C0; mixture at pres.ures of up to 150 mm Hg and energy
inputs ap to 300 J/(l-atm).

The technique for measuring.electrical, gasdynamic and optical parameters
is described in Ref. 8. The pressure of water vapor and ionizable additives
vas determined from the dew point by a vacuum hygrometer. Typical oscillo-
grams of current I, discharge voltage U and emission power W are shown in
Fig. 2. The characteristic E/p for the given mixture was determined at the
point dI/dt =0. The total

I, kA U, kV energy Q introduced into the
& ﬁ v Z plasma was determined by
12 . graphic calculation of the
g5k integral Q= /IUdt, where U is
-F the voltage drop across the
plasma, I is the current
2 ‘28 3 Y] through the discharge gap and
a t, us t is time. The delay of the
- I, kA W, MW laser pulse T3 was determined
-2 ¥ ) with respect to the start of

the current pulse (Fig. 2b),
i . vhose duration in our experi-
[' ments did not vary with a
z change in the composition of
] 1 ] the working mixture. The
B4 2 25 J¢ g total duration of the laser
b pulse t was determined from
its base, while the duration
I, kA W, MW . of the spike 1, was deter-
mined at half-height. In all
experiments the laser radia-
tion receiver operated in the
linear region, making it
possible to determine the
energy and power in the
spike and long component of
the laser pulse if the total
energy and shape of the
emission pulse are known.

r 2
¢
Fig. 2. Typical oscillograms of current I,

voltage U and power W of laser emission:
Ureg =30 kV, p=11k mm Hg, mixture CO,:air=1:2. Shown in Fig. 3 are cruves

for E/p, Q and electro-optical efficiency n=8/Q (8 is the energy of the laser
pulse for reflectivity R=85% on the output mirror) as functions of the
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E/p, V/{cmenm Hg)

Q '* 15 ..

40

g5
ar

(AN N

9 0 W #C0,/(COp-air), ¥

0 "3 % CO,

COz-air), %
Fig. 4. Curves for the total

Fig. 3. Curves for E/p, energy input Q energy of the radiation pulse
and electro-optic efficiency n as func- (1, 2) and the energy in its

tions of the percentage of €O, in the long component (3, 4) as func-
mixture tions of the percentage of C0,

in the mixture for output
mirrors with R=50% (2, 4) and
R=85% (1, 3)

composition of the mixture. It can be seen that with a change in the per-
centage of COz in the mixture from 2.7 to 100% the E/p decreased from 27 to
22 V/(cm'mm Hg), while Q remained practically constant, since there is an
increase in the current amplitude with a reduction in E/p. At the same time,
n changes by nearly an order of magnitude, and has a flat maximum in the
region of 20-40%. Fig. 4 shows the curves for the total energy of a radiation
pPulse and the energy contained in the long component for output mirrors with
R=50 and 85% as functions of the composition of the mixture. e total
energy of the laser radiation and its distribution ir the pulse, as we can
see, depend considerably on the composition of the mixture and the Q of the
cavity.

For analysis of energy losses in a PPL on a C0z-air mixture, and also for
optimizing the cavity and the dimensions of the optical active medium, the
computational model of Ref., 9 was used to describe stimulated emission. It
was assumed that vibrational intramode exchange is rapid enough that for
each vibrational mode of CO2 and N we can introduce a specific temperature.
Taken as the reference origin was the instant when the gain weés equal to zero,
1. e. it was assumed that discharge does not lead to population inversion of
laser levels, which arises as a result of emptying of the lower laser level,
80 that there is an instant when the gain is equal to zero. Such an assump-
tion 1is valid since the experimentally measured times of delay between the
start of the current pulse and the emission pulse (see below) are greater
than the total duration of the current pulse and the lasing "rise time,"
vhich for our conditions was about 0.1 us. In this connection, we can
examine the evolution of the populations of vibrational levels in time under
certain initial conditions rather than describing the process of their
excitation.
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At time zero it was assumed that the tem-
peratures of symmetric and deformation modes
of CO; were equal; however, in the lasing
process consideration was taken of the dif-
ference in these temperatures caused by the
heavy flux of quanta to level 100 of the
symmetric mode of CO;. Zero gain implies
equality of the populations of the upper and
lower laser levels. The initial gas tem-
perature was taken as equal to the wall
temperature, and the initial intensity was
taken as equal to that of spontaneous . '
emission. To solve the system of equations
it is necessary to determine the initial
populations of the vibrational levels of
nitrogen and the antisymmetric mode of COz.
Lack of information on the electron distri-
bution function for the air-CO, mixture
precludes determination of the initial
propulations of vibrational levels from the
current-voltage curve of the discharge. .
Therefore the initial populations of nitrogen
levels and the antisymmetric mode of CO,
were determined by comparing a reference
emission pulse with the experimentally
measured pulse for given values of the
dimensions of the active zone, the Q and
the degree of filling of the cavity. 4n )
important point in this connection is coin-
cidence not only of the total energy, but
also the fraction of energy in the spike and
the long component of the pulse, since the
former is determined chiefly by the vibra-
tional temperature of the antisymmetric mode of C0z, while the latter is
determined by the vibrational temperature of nitrogen. It was found that the
equilibrium distribution by rotational levels during lasing does not settle
down instantaneously, and accounting for the rate of rotational exchange is
essential for proper calculation of pulse shape.

g 3 t, us
Fig. 5. Comparison of laser
pulses found experimentally
(1) and in calculation with an
infinite (2) and a finite (3)
rate of rotational exchange

Fig. 5 shows an experimentally measured emission pulse, and pulses calculated
with and without consideration of the finite rate of rotational exchange
[Ref. 10]. It can be seen that accounting for the finite rate of rotational
exchange leads to broadening of the spike and eliminates the disagreement
between the calculated and experimentally measured emission pulse shapes
that was noted in Ref. 9, 11.

In accordance with vhat we have said, the vibrational temperatures of nitrogen
and the antisymmetric mode of COp were chosen from conditions of coincidence
of the calculated and experimentally measured total energy of the pulse and
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the energy of the spike for a cavity vith output mirror having R=50%, length
of the active medium 64 cm and distance between mirrors 120 cm. To check the
correctness of the method of caleculation and the selected initial conditions,
the parameters of the lasing pulse were calculated for an output mirror with
R= 85% under the same condit.iona of excitation of the active medium.

The results of the comparison of experiment with theory for p=114 mm Hg and
Upes = 30 KV are summarized in Table 1. ‘

TABLE 1
1 2
0. 1}: &y Am L B !%a T MKe
r RwmB0% | Rm85% | RmS0% | Rue85% RumB30% | Rma83% | Rm080% | R=88Y .::‘ N'
-;...;3—'1'—....‘4....0.3.".

&l 8 T1 8
§i§aii§§i§ai§§a=i
8,710,16(0,16{1,6 |1.8 Jo.013{0,02/0.08l0.1 | 18 12,5 30 | 40 [0.5 {0.5 0.2 0,25/0,04[0,09
13,310,8 {0,69/1,7311,6410,2 [0,2'10,1%/0,17) 18 19" | 20 |27,3l0:2 [0:2 [0:3 [0"33[004[0 08
33.411.37{1,26(1,83]1,8910,36/0,28]0,44(0.30(5,28[10 |7,25] 10" 0.1 |0, 12|0;28l0:20(0 03f0: 12
80 11,27(1,18/1.56/1,80/0,48/0,38/0.04{0.66/3.3 | 7 8| 80,1 /0,16/0.3 (0,29/0,1 [0,18
6871 .1049311,3311,4500,82/0,39/0,71/0,7 12,8 [ 3 [3,8 | 3 [0:08[o.14[03 0:28l0 00f0 2
,710,53(0,4910,75(0,82(0,37/0,32|0.82]0,538[0,78) 1 [ 3 3 10,128/0,14{0,22|0,22/0,07(0,23
100j0.2 f0,10]0,27}0,28(0,16[0,15/|0,28/0,22{0.3 (0.4 0,7510,8 [0,14]0,t4[0,25(0,258[0,08] —

Note: {CO,}=C0,/(CO, +air), & 1s the total energy of the laser pulse,

81 is the energy in the spike, t is the total duration of the lasing pulse,
Tn is the duration of the spike at half-height, Z3q = exp(-03/T3), where 6,

is the characteristic energy of vibrational mode v3 of CO;, equal to 3880 K,
T3 is the vibrational temperature of mode vy of COp, Z,q is the analogous
quantity for the vibrational mode of nitrogen. .

KEY: l--joules 3~-experimental
2--ys l--calculated

The selected values of initial populations 23¢9 and Z,¢ ensure that the theo-
retical and experimental values of &; and &; coincide within 15% for output
mirrors with R=50 and 85% for all mixtures when the experimental error of
determination of 8; is of the order of 10%.

Using the values of 239 and Z,q from Table 1, and setting 230 =239, 210= ZEo
at time zero, we can determine the energies contained in each vibrational
mode and analyze the losses of energy invested in the discharge. The results
of such an analysis are summarized in Table 2. The quantity QCOg in Table
2 was determined from the reduction in the concentration of CO; after dis-
charge in additional experiments on a hermetically sealed chamber while
preserving the conditions of the foregoing experiment. It was assumed that
dissociation of CO, takes place as a result of collisions with an electron,
and an energy of T eV must be expended on each act of dissociation.. The
rate constant of dissociation of 0, for our values of E/p according to

Ref. 12 is 3-5 times as high as for C0O,. Utilizing this fact, as well as
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TABLE 2
(1) el (2 [ [ [ ) TG 8T 4T =,
o ‘ X !( é & X ‘Q | R Ypear MK T)
: alela 3E RIS ST 1451 .
Jo/ | ¥ 3 N - s
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1 ]
we 34 (- é Ql i 1 4 «
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10 On 03y 12441 €,88 14,29 9,67 | 23,18 0,68 | 2° " (7.68 | aziah f21°"{ 13,38 (838 [ 176 | 23,4 o-680’ B
03 [oroe] e [ BT | 833 4,78 4,821 202 (0,28 (2,3 [ 283 | 22173 [21,8] “o.28 [s0:8 | 13'0] 107 Jo'8 [o'6
00 0,08~ £e 9,_1 g,gr - :,g; - 3,“15 3,:6 1892 | 8,27 (28,4 9.22 12,4]1,1 jo,8
X - X ~— K X X - — -~ - - | -] w—

Note: Q)-Qy are the energles expended respectively in modes vj-v3 of COj
l‘ .
and vibrations of nitrogen, Quip= "Z' %, Qo, and Qgp, are the energies ex-

Pended on disgociation of Oz and €Oz, Qx=Qco, + 90, Ndis = (Q3+Qu)/(Qyip *+Qx),
Noav = 8rexp/[9*1(Q3 +Qy) ] 1s the fraction of the emitted energy out of
the maximum possible; the values in the last row are taken from Ref. 13.

KEY: 1--joules 5--Ngigs ¥
2=-Quips J 6--ncays ¥
3--(Quip +Q)» §  T--13, us

~=Qexp?

the rate constant for dissociation of CO, as determined for our discharge
for different mixtures, we calculated the quentity Qcoz.

It can be seen that the energy going to chemical reactions fluctuates from
11 to 2% depending on the composition of the mixture, and depends strongly
on the oxygen concentration in the mixture. Therefore the presence of
oxygen in the working mixture is undesirable. .

The experimentally measured energy input to the discharge and the calculated
value of Quip +Qx coincide with an accuracy of up to 25%, which is quite
satisfactory when one considers that the experimental error in measurement
of Q is about 10%, and the choice of initial conditions ensured agreement
with experimental results with accuracy of the order of 15%.

Let us note that for a low CO, content in the mixture (6.7 and 13.3%) there
is time for an appreciable part of the energy stored in the deformation mode
of CO2 to be converted to heat befdre lasing starts (for these mixtures

t3=k.b and 1.4 ps respectively). The initial gas temperature for these
mixtures was taken as 380 and 360 K respectively.
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For pure CO, the energy balance was compared with the results of calculation
in Ref. 13. As can be seen from Table 2, the discrepancy uoes not exceed 10%.
When the percentage of CO; in the mixture is less than 70%, discharge )
efficlency varies little with the composition of the mixture, and reaches 60%,
vwhich is only 20% lower than for mixtures with e high He content [Ref. 1k].

The fraction of the emitted energy out of the maximum possible (”cav) was
less than 42% in all experiments. An appreciable part of the energy at the
instant of cessation of lasing, as implied by the calculations, remains
stored in vibrations of nitrogen and the antisymmetric mode of CO,, which
can be attributed to a growth in population of the lower laser level as a
result of gas heating. As shown by the results of calculations presented
in Table 3, reducing the initial gas temperature enables us to raise Neav
by a factor of 1.5 (the calculation was done for a mixture of COz:air=2:13,

TABLE 3 -
2
. K 3,91}‘ t.(mu): ﬂs?;? %
380 1,64 | 27,3 39
206 2,11 30,4 50,3
200 2,40 29,6 67,2

KEY: 1l--joules
2--us
3--Ncav, %

pressure p=1l4 mm Hg and values of Un.eg =30 kV, R=85%, Z39=0.0k, Z,0=0.09).
- A maximum pulse duration of 80 us is realized experimentally with 2.7% €Oy

in the mixture. In this case & =0.83 J. To increase the pulse duration

further it is necessary to reduce the percentage of C0s in the mixture.

As implied by calculations, at a CO; fraction in the mixture of 1.7%,

t =150 us, and when the fraction is 1%, t =250 us. In doing this, to

maintain the laser efficiency on a constant level it is necescary to increase

the length of the active medium and to raise the Q of the cavity.

The dependence of pulse parameters on the Q of the resonator for a mixture
with pressure of 114 mm Hg and {CO,} =13.3% is shown in Table I (Uneg =30 kV).
The absence of a drop in &; at R>0.9 thet was observed in Ref. 6 can be
attributed to the fact that the coefficient of reflection of the opaque
mirror in our experiments was taken as 100%.

Thus we have experimentally demonstrated the feasibility of regula*ing the
duration of a pulse emitted by a CO; laser on air-CO; mixtures over a wide
range (from 0.1 to 80 us) by using the composition of the mixture and the
Q of the cavity.
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TABLE L
7

X" f‘.“}) 1..(&) c..w '.(ﬂ) % Q)
& 0,% 0,08 0.2 18.6 2
80 0,80 0,090 0.2 9 1.4
(] 0.92 0,11 0.2 |
] Lz | o3 | oz | 2 | o7
w [ o.|7 0.3 ”ca * 000
6 1,64 0.17 0,35 7.3 0,6
0 1,78 0,24 0.3 2.2 0,8
% 1,87 0,28 0,8 N2 0,4

KEY: l-=joules
2+=y8

The dependence of laser emission energy on the voltage across the reservoir
capacitor for different compositions of the working mixture is shown in
Table 5. An identical content of CO; and N, was maintained in all mixtures,

TABLE 5

(1) | _{2) 3repruz usayvenun o nunyance A

v o o -
S = P 3 o e Y ool B L T
1) e pr, €T, pt. e1, . e,

-

20 - 0.8 0,8
) i 1,7 1,3
* ” '0‘ U ' ‘o‘
2 2 . 28
b 2.4 v 3,6
2 28 3,8 4,2

KEY: le==U.eg» kV
2--Emission energy in pulse, J
3--mn Hg

and the amount of H;0, Hy and He ensured an identical rate of emptying of
the lower laser level. The difference in energy inputs for different
mixtures did not exceed 10%.

The proposed computational model with semi-empirical determination of initial
conditions enables calculation of the initial populations of levels and
emission pulse shape for any mixture compositions, cavity Q and dimensions
of the active medium. Accounting for the finite rate of rotational exchange
brought the calculated length of the spike into agreement with that measured
experimentally. Analysis of the energy balance showed that with a wvorking
mixture of air-CO; an appreciable fraction of energy is expended on dis-
sociation of Oz, and therefore there is a better outlook for helium-free
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mixtures such as (03-Ny-H, and COz=N2=H20. The efficiency of discharge
utilization in a COz-air laser is fairly high (up to 60%). To achieve a
further improvement of laser efficiency it is necessary to increase the Neays
optimizing the Q of the cavity for each size of the active medium, a . {n-
creasing the rate of emptying of the lover laser level through a reduction
in the iuitial gas temperature.
In conclusion the authors consider it their pleasant duty to thank Professor

+ A. Vedenov for formulating the problem and interest in the vork, and
V. N. Knizhnikov for constructive eriticism and assistance with the calcu-
lations. :
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PHYBICS

LIMITING RESOLUTION OF A POLARIZATION INTERFEROMETER AND MEASUREMENT OF THE
RADIUS OF CURVATURE OF THE PHASE FRONT OF LASER BEAMS

Moscow KVANTOVAYA ELEKTRONIKA in Russian Vol 6, Fo 1, Jan 79 pp 57-62

(Article by V. B. Pakhalov, A. S. Chirkin and F. M. Yusubov, Moscow State
University imeni M. V. Lomonosov)

[Text] A theoretical and experimental study is done on
the problem of the limiting resolution of a polarization
interferometer in measurement of the correlation radius,.
It is shown that the limiting resclution of the polarizu~
tion interferometer is determined by the effect of dif-
fraction and in the realized experiment is of the order
of 10 um. In addition, it is demonstrated that a polari-
gation interferometer can be used to measure the radius of
curvature of the phase front of light beams.

Introduction

Recently a polarization interferometer proposed by Arutyunyan, Tunkin and
one of the authors [Ref. 1] has been used to do a mumber of experiments in
studying the spatial coherence of laser emission and scattered light radia-
tion. In prrticular, measurements have been made of the space correlation
function (SCF) of the field and the intensity of multimode laser emission
(Ref. 2) and its second harmonic [Ref. 3]. A study has been done on the
formation of spatislly coherent light beams in a laser [Ref. 4, 5] and the
limiting spatial coherence of laser emission has been measured [Ref. 6, 7).
The enumerated range of possibdilities of the PI in combination with the
photocount method of registering optical radiation is due to its capacity
for measuring small radii of correlation and SCF with high accuracy.
Errors og measurement of the degree of coherence with the PI are considered
in Ref. 6.

This research is devoted primarily to elucidation of the problem of the
limiting resolution of the PI in measurement of the correlsticn radius.
Theoretical and experimental studies have shown that the phenomenon of
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diffraction plays a major role in limiting the measurable correlation radius.
In addition, a study is done on a new possibility for using the PI == for
measuring the radius of curvature of the phase front of light beams. The
measurements of the latter reduce to measurement of the phase difference of
two photons, and can be done electronically (Ref. 8] or by an interference
method (Ref. 9, 10],' including with a Young interferometer [Ref. 10].

1. Working principle of the polarized interferometer

The main element of the PI (Pig. 1) is a plane-parallel plate cut from a
birefringent crystal parallel to the optical axis. This plate is placed in
an immersion liquid with index of refraction ny, equal for instance to the
index of refraction ng for the extraordinary wave in the plate. The plate
can be rotated about the optical axis oriented perpendicular to the incident
beam and making an angle of U5° with its polarization. Thus the initial
beanm in the plate is divided into two beams with ordinary ("o") and extra-
ordinary ("e") polarizations.

fW/D'E‘
1 [ T—{7]
AR = = !

Fig. 1. Diagram of the eerrimnta.l getup: l--laser beam; 2--rotatable
matte disk; 3--polarizer; U--cell with rotatable plane-parallel plate;
S--analyzer; S--diagram; 7--photon counting device; 8--chart recorder;
9--digital printer

At the output of the PI the analytical signal of field strength is
Vie, =Vi(r, 4V, (r—s. I—3). )

Here s is transverse displacement of the beame walatiwa +n ane another; T3
is the delay time between beams. In this connection

'-d-:—:-q; t’c-dAll-*--g-%AﬁQ'. . (2)

where n=n,-n,; d is the thickness of the plate; ¢ is the angle of incidence
of the beam on the plate; ¢ is the spsed of light.

In the region of overlap of the beams, depending on the path difference there
is a transition from linear to elliptical polarization. When beams pass
through the analyzer in the XY plane perpendicular to the direction of
propagation Z, the distribution of average intensity I =<VV#> ig given by
the expression

I=l(x, )+1(x, y)+2ReLV V), (k)]
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Vhere the angle brackets denote statistical averaging; Vo o= [V]o, e co8 Vg 63
Vo,e i8 the angle betveen the direction of polarization of the analyzer and
the corresponding beam.

Let the analytical sigial of the initial beam, and hence the interfering
beams be representable as

Vaar(ps & amO)mA(pleietmA, (p)Acalp)el®!, “

vhere the functions Aoar(p) and Acy(p) deserive the regular and random
modulation of the beam in plane XY, where

A,,,(p)-:d(0)0xp(—p'(l/2a‘+lkl2R)} . ®)
and the SCF of the random field is
(Aeal(Pr)A Ly (01)) = ¥(p1—pyms)=exp[—(py—p,)Vri—iB(p2—pY)],

vhere a, R and ry are the beam radius, the radius of curvature of the phase
front and the correlation radius respectively, the parameter 8> 0 accounts
for the phase of the SCF. With consideration of (L), (5), the term Re<v3v,>
that appears in (3) takes the form

RecV; (0, 2, OV, (p+s, 2, t—1)ymd,A, [9(s) lexp|—lp'+(p-+8)')/20")cosO.
Disregarding the slight difference in the radii of curvature of beams with
ordinary and extraordinary polerizatio: as compared with R (AR/R«1l) we have
for phase ¢

@ (B-+4/2R)(s*—2p3)+A2,
vhere Az = t3c is the difference in the lengths of the optical paths,

As usual, knowvledge of the extremum values of intensity I (3) that correspond
to cos ¢ = 1 enables us to determine the degree of coherence from the visi-
bility v of the interference pattern

oML @
vhere I, .=|V, o|2.

Let us determine the distance betwveen the interference extrema with change
in p and s. These coordinates can be conventionally assigned to the planes
of measurement of the radius of curvature and the correlation radius respec-
tively.

Limiting ourselves for the sake of simplicity to consideration of displacement

along the X axis, we have the folloving equation for the positions of the
maxima Ipay in the case of beams vith phase 8 =0:

S n
—R+ e+ s = wm,
where (2) is taken into consideration, m=0, 1, 2... is interference order.

If displeacement 8 is fixed, the distance between interference maxima in the
plane of measurement of the radius of curvature is
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Ap=AR/s o m

and does not depend on the order of interference. Let us estimate the order
of magnitude of Ap. Assuming A 0.5%um, s~100 um, R¥1-10 m, we get 4p*5-50 mm,
Since the typical value of laser beam diameter is about 1 cm, only a single
interference maximum or minimum alternating with a change in 8 (rotation of
the plane-parallel plate) will be observed in the region of beam overlap in
the given example.

In the plane of measurement of the correlation radius (1. e. vhen p=0,
vhich corresponds to the conditions of experiments [Ref. 1-7]) the difference
betveen interference maxima when Az $0 is

Mumtaii—tn= VALV I=VA). @

If the time delay is totally compensated kAz =0) by synchronous rotation of
a special second plate [Ref. 1], then

Soum VATV A ) ®

In the experiments the plate of the PI was cut from a uniaxial calcite
crystal (ng=1.66, ne=1.49, An=0.17) and placed in castor oil with index
of refraction coineiding with that for the extraordinary wave.

For our PI (see below) in case (8), Asg=4l.6 um, which agrees with the
experiment; in case (9) with a compensating plate As,=1.6 mm, and the
alternation of maxima and minima will be very sharp. Therefore in measure-
ments without total compensation, *ime shift acts as a phasing element and
enables measurement of small correlition radii down to 15-20 um.

2. Theory of resolving capacity of the PI

In the preceding discussion we examined the principle of using the PI to
measure the SCF. In doing this, we disregarded diffraction effects on the
path of light beam propagation from the source of emission to the recording
device. Let us show that diffraction limits the minimum measurable corre-
lation radius.

In the quasi-optizal approximation, diffraction effects are described by the
parabolic equation

(35 + mr A () A ) =0, (1)
The relation k(z) = (2n/A)n(z) accounts for optical inhomogeneity of the
path of propagation (A, is the transverse Laplacian). Equation (10) with the
appropriate substitutiéh of wave number k is applicable to PI waves with
ordinary and extraordinary polarizations.

The solution of equation (10) takes the form
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Aso(p) 2)m ﬂ“.‘“c N, 2=0)G,, . (p, § n, 2)dldy, th))
vhere G, o 18 the Green 8 mnetion (k =2n/A)
Go,o(pr 81 2) -y exp[ (x s...—e)'—w(v n)‘}

For the extraordina.ry vave s, =0, and

LumL j=Lyt(n,~1)d-+(n=1)(I—d),

wvhere L; is the distance from the source to the photomultiplier, 1 is the
size of the cell with immersion liquiad.

For the ordinary wave sy =8 (displacement of the beam takes place only
along the X axis). Under the conditions of the experiment, disregarding
the difference in optical paths we can assume L,=L. The measursble degree
of spatial coherence in accordance with (11) is

aau (g
h'm(’)l"u(o. :)I(n. Pk

] o
mhd s (e o e et MG

Here we have introduced the characteristic lengths -- diffraction ZA and
longitudinal correlation Iy

ly=ka¥2; lomtrdf2; amp+R2R. . (19)
- According to (12), the correlation radius is equal to [cf. Ref. 3)
ru= | LY(21) (1l )=1)+(1+2aL /K1), (14
The minimum value of ry for L#0 occurs at (argawl)
14-2aL/kenl4+L/R4-2BL/k=0,

For 8=0, this is satisfied wvhen R=L, i. e. in the focal plane of the lens
in the case of beams that pass through a collecting lens (R<0). Hovever,
since the parameter B >0 for partly coherent beams, in reality the corre-
lation radius reaches a minimum at a distance L= (1/|R| - 28/k)=1, which
exceeds the focal length of the lens. According to Ref. 3, the beam diameter
assumes the minimum value at this same distance.

The value of 1.:he measurable correlation radius when a»rp and a=0 is
rosumer (14 L¥(1gl)]% = (rg*+M/(8)]1%, (15):

vhere 26 = 22/L is the angular size of the source. Thus rK3">ro because of
the diffraction effect.

Let us introduce the apparatus parameter f and require that the relative

brondening of the correlation radius be less than this quantity:
(ry ~ro)rglst. This condition is met at distances L<v‘t32karo from which we
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get the value of the limiting measurable correlation radius (Ref. 2 gives
an inexact formula without derivation for limiting resolution of a PI)

- Oy 19)

With increasing angular siz¢ § of the source of emission the influence of
diffraction decreases, and consequently the smaller will be the radius of
correlation that can be measured. However, as L decreases there comes a
time when the maximum value of § is limited by the aperture of the optical
elemersxta. lF‘or our PI, a/L=0.0k; taking £=0.1 we get r{{P8Ax10 um for
k=10° em™*, . .

3. Experiment. Discussion

‘Limiting resolution of the PI. To study the limiting resolution of the PI
. & quasi-coherent light source was used [Ref. 11), which vas a rotating matte
' disk illuminated by the beam of a helium-neon laser (A =0.63 um) through a
collimating system. The correlation radius in the measurement plane was
varied by changing the following parameters: diameter of the 1lluminated
section of the matte disk, distance to the measurement plane L, dimensions
of inhomogeneities on the disk (correlation radius ry).

Iv(s) | rS*P, um
10 )

43‘

v

- 1 i 'l A 'l
0 . 80 w 150 8, um 0 L] 00 r&heor, um

Fig. 2. Experimental curves Fig. 3. Theoretical and
for the normed correlation corresponding experimental
function of a quasi-optical values of correlation radii

source with correlation
radius ro =12 um for different
angles §. The value of § in-
creases with the number of the
curve

When the birefringent plate of the PI was continuously rotated an inter-

ference pattern was recorded on the chart recorder, and at the same time the
result of frequency meter readings for the averaging time T=1 s was printed
out on a digital printer and chart-recorded (see Fig. 1). To determine the
antiphase values of interference, the results of measurements wvere repeated,
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but this time with the output analyzer turned through 90° as compared with
the former case (See alao Ref. §). ,

The values of |y"3"(a)| were determined from the measurement results,

using formula (6). One series of measurements of |y"(a)| for a matte

disk with size of inhomogeneities 2rg~25 um 18 shown in Flg. 2. As can be

seen from Fig. 2, the measurable correlation radius decreases with an increase
" in the angular size of the source of emission.

The cor‘ge'lntion radii theoretically calculated by formula (15) and ex-
perimentilly measured values are shown in Fig. 3 for convenicence of com-
parison. The bisector of the angle of the rtNeOr_pe€xP agordinate system
corresponds to exact coincidence of the given results. It can be seen that
although sqmevwhat greater r$*P corresponds to the values of riheor, the
agreement of the results is rather good. The mentioned slight systematic
deviation is caused according to (14) by the value of the phase of the SCF
(8>0, R+a), '

Experimental and theoretical values of the radius of curvature R of the
phase front of focused laser beams for different displacements 8p

R, em
8p
exp. theor.

8) 66 8
8y 49 L9
83 56 57
8y 88 92
85 L9 L9
8¢ 50 4o

Note. sy m=sy=gy=g, >85>8¢

Thus the results of measurement of the correlation radius are described well
by formula (15), and consequently the limiting resolution of the PI realized
by us is ~10 um. :

Measurement of the radius of curvature of the phase front, These measurements
are based on formula (7). In our experiments with the He-Ne laser the radius
of curvature of the phase front of focused laser beams was measured at
different distances from the center of constriction. Lenses vere used with
different focal lengths, and the displacement 8 was varied.

The results of measurement of R are summarized in the table. Measurement
accuracy vas 28, The given data show that the PI can be used to determine
the curvature of the phase front of light beams with good precision. The
upper limit for possible measurements of R is determined by the transverse
dimensions of the studied beam; according to (7), Rea?/AsLy.
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PHYBICS \

UDC 535.214621.378.33
HEATING OF METALS BY PULSED CO2 LASER EMISSION
Moscow KVANTOVAYA ELEXTRONIKA in Russian Vol 6, No 1, Jan 79 pp 78-85

(Article by V. P. Ageyev, A. I. Barchukov, F. V. Bunkin, V. I. Konov,
8. B, Puzhayav, A. 8. Silenok and N. I. Chapliyev, Physics Institute imeni
P. N. Lebedev, Academy of Sciences USSR, Moscow) '

(Text] An experimental study is done on processes of
heating of metal targets by a pulsed (O laser for dif-
ferent ambient air pressures (10-5-1 atm) and emission
intensity of 1-100 MW/cm?. It is established that there
is a considerable increase in the laser energy input to
the target in the case of initiation of breakdown of the
vapor of the target material or low-threshold dreakdown
of the air., Under such conditions one observes a size
effect -- an increase in the effective absorbing capacity
of metal targets with an increase in the ratio of their
radius to the radius of the emission spot. The results
are attributed to contact of the breakdown plasma with
the target surface as the plasma disperses into the
ambient medium.

Introduction

A number of recently published papers [Ref. 1-4] deal with investigation of
the principles governing heating of metal targets by pulsed emission of Co,
lasers in the case where optical breakdown of air takes place close to the
surface of the metal.

It hes been established that in the case of emission intensity I > Iynp
(I4nr=108-107 W/cm? is the threshold of breekdovn of air close to the
target) up to 50% of all the laser energy may be converted to thermal energy
of the specimen, vhich is an order of magnitude greater than the natural
"cold" absorptivity of the metal Ag. In this case the characteristic of
energy input of laser emission to the metal is no longer Ag, but rather the
so-called effective absorptivity of the target A=E;/E, where E; is the
percentage of laser energy E expended in heating the target. When a plasme
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arises on the surface of the target, heating of the target by laser emission
may take place through several channels. 1In the first place there is the
absorption proper in the target of the radiation that has passed through.

the plasma. In the second place the target is heated through direct thermal
contact with the plasma heated by the radiation; in this case the heating of
the target is determined to a great extent by the geometry of the problem.
For instance if the plasma of air breakdown is created on large exposure
spots, heating of the metal target takes place chiefly across the area of
the spot [Ref. 1]. In the third place, dispersal of the plasma with
formation of a shock wave in the ambient gas may lead to considerable
additional heating of the target across sections of its surface that are
fairly distant from the exposure spot [Ref. 2, 3].

This paper, which is a continuation and development of Ref. 2, is devoted

to the study of the basic principles that govern heating of metal targets

in air by pulsed CO; laser emission under conditions of appreciable influence
of plasma dispersal on the mechanism of heat transfer. Also investigated are
cases of reduced air pressure and air-vacuum transition where there are
changes in the properties of the plasma initiated close to the target:

the plasma of air breakdown is transformed to a Vapor Jet of target
materials. '

In both cases a "size" effect is observed -- the dependence of the value of
A for the metals on the ratio of the areas of the exposure spot and the
target for a given emission f{ntensity.

In the experiments a CO; laser was used with half-height pulse duration

2.5 us and erergy E up to 10 J. The radiation was focused in the center
of steel or copper disks in spots with radius Rg~0.L5 and 1 mu. The targets
were placed inside a vacuum chamber that was filled with air at a pressure
of po-lO' -1 atm. Cemented to the back of the specimens was a chromel-copel
thermocouple used to determine the temperature increment AT of the specimen
a3 a result of laser action. Heating of specimens was slight, and the
temperature was quickly leveled out. Disregarding heat losses from the
specimen, and using the relation cmAT=E; (¢, m are the specific heat and
mass of the specimen), the effective absorptivity A was determined from AT.

1. Pulse heating of metals in a rarefied atmosphere

First consider heating of specimens at reduced air pressures, where emission
intensity I is insufficient for initiating breakdown of air close to their
surface, but sufficient for well-developed vaporization. Shown in Fig. 1

is the function A(I) for steel specimens of different radii (R of the order
of Rg =1 mm or greater) at air pressure of pgs2:10~2 mm Hg. It can be seen
that there are two parts to the function A(I). In the first region, when
the value of I is less than some threshold intensity I*s (2-3):107 W/em?2 the
value of A does not depend on target size and increases with increasing I
from Ag~5-6% (which corresponds to the "cold" absorptivity of steel) to
As10%. A further increase of intensity in the region I >I* leads to a
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Fig. 1. Function A(I) for

steel targets (pg~2¢10-2

m Hg), R/Rg=1 (1), 3 (2)

.and b (3),

d
situation vhere laser energy is more effectively transmitted to specimens
with a larger ratio of R/Rgy. Let us note that the function A(I) in this
region is nonmonotonic: for each specimen there is a maximum value of A
at the value Iopt(R/Rg). For targets with R/Rgsl the optimum energy input
is reached close to I*, while for specimens with R/Rg >1 the value of Igpt
shifts toward larger values of I. '

Fig. 2. Curves for Apay (1)
and A at T=60 Mi/cn? (3)
as e function of R/Rg

Shown in Fig. 2 are the maximum (for each specimen) effective absorptivity
Amax 83 a function of target radius, and the function A(R) for a fixed
emission intensity. It can be seen that the increase in A practically stops
at R/Rgzl, and the saturation value of A is approximately 1.5-2 times the
errective absorptivity due to heat transfer across the exposure spot alone,
vwhere R=R,, '

The results shown in Fig. 1 and 2 can be interpreted as follows. In the
region I<I"* no appreciable vaporization of the targets takes place. .Under
laser exposure the surface temperature in the exposure zone increases with
increasing I. According to Ref. 5 this should lead to an increase in the
natural absorptivity of the metal. At ISI% a luminescent” jet of vapor of
the exposed material sppears at the surface of the target, 1. e. I* can be
identified as the threshold of well-developed vaporization of the target
Ivap: Within the framework of well-developed vaporization of metal (see
for instance Ref. 5) heat transfer into the specimen through the exposure
spot takes place only during settling of the process

Tget » (pa/A)2(x/12) (1)

(p, q and x are the density, specific heat of vaporization and thermal
diffusivity of the metal). Beyond this point, practically all the energy of
the plaser pulse is expended on vaporizing the metal and heating its vapor.
Taking the absorbed energy as E)sAnR2tgetI and A=A(Ivap), we readily find
from (1) that in the mode of well-developed vaporization the absorptivity in
the exposure spot is '

A(T) 5 A(Tygp) (Tygp/1)2 (2)
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(here we use the definition of the threshold of well-developed vaporization
from the condition tget(Iyap) = Traq, 1. €. when I>Iyep the quantity A should
drop as I~2, According to the data presented in Fig. ? the experimental
ﬁmct%/on A(1) differs from that predicted by formula (2) and takes the form
A=I"%, This difference is apparently the result of two causes. In the
first piace, in experiments ‘with microsecond CO2 laser pulses the vaporization
of metals as & rule is accompanied by vapor breakdown, which should lead to
additional heating of the metal due to thermal contact with the vapor piasma.
In the second place, the laser pulse is close to triangular in shape, and :
therefore the energy in the "tail" of the pulse where emission intensity is

no longer adequate for target vaporization should be absorbed in the plasma
once more with efficiency ~A(Iygp). .

The "size" effect -- dependence of A on R; -- 1s due to spatial dispersal
of the plasma and additional heating of the target across peripheral sections
of the surfuce outside of the exposure spot. To make certain that it is the
dispersal of the vapor cloud into vacuum that is responsible for this effect,
we measured the thermal response of an additional copper plate located to the
side of the axis of the laser beam at a distance R; >Rg with its surface
(area about 14 sq. mm) facing the plasma. Fig. 3 shows thermal response A

&/6%

‘a b
O.U-I Fig. 3. Thermal response E/E;
fr=Sam of auxiliary target with

20l vaporization of a steel target
f . ' (pp =2°10~2 mm Hg) at different

10k distances R} of the target from

ﬁa: the axis of the beam (a) and at

v.: a fixed intensity I=60 MW/cm? (b)
n B4 o ,

S\

QO e w2 ¢ 8w 2
I, MW/ cm2 : Ry, om

of this target as a function of I and Ry. It can be seén that for all
values of Ry (Fig. 3a) noticeable thermal action on the additional target
starts at I> I,ap when a luminescent vapor jet arises on the steel target.
Fig. 3b gives an idea of the change in A with distance Ry. At a fixed
enission intensity I~6:107 W/cm2, A(R;) =R7% with fair accuracy. Such
behavior of A(R)) shows that the energy input to the auxiliary target is
proportional to the time-integrated flux density of energy in the case of
unbounded spherically symmetric vapor dispersal.

Control experiments with a plate of NaCl located in front of the auxiliary

target to eliminate direct contact of the target with the dispersing vapor
heve shown that natural radiation of the vapor plasma mskes no appreciable
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contribution to heating of specimens in the investigated range of intensities
at reduced air pressures.

2. Thermal effect on a metal target due to the plasma of low-threshold
breakdown of air close to its surface

Let us go on now to examination of results that demonstrate the change in
effective absorptivity A of targets with an increase in ambient air pressure
Po. Supersonic dispersal of the plasma of optical breakdown of vapor pro-
duces a shock wave in the ambient gas. Under certain conditions the absorp-
tion of laser emission behind the front of a shock wave propagating opposite
to a laser beam gives rise to a light-detonation wave in the ambient a8
(air). The breakdown plasma on the front of this wave shields the target
from incident radiation and prevents further vaporization. Propagation of
the light-detonation wave redistributes the energy release of laser emission
in space, which should have an influence on the mechanism of heating of
targets. The threshold of light-detonation with respect to intensity I
depends strongly on the pressure and the kind of gas, and decreases with
increasing pg. Therefore in the problem of the laser energy input to the
target it is {mportant to know the pressures below which the rarefied gas
medium is equivalent to a vacuum, i. e. the values of po vhere the medium
has no significant effect on heating of targets.

Shown in Fig. U are curves for A(pg) for

A% steel targets vith R/Rgzl (curve 1) and
o R/Rg=1 (curve 2). The emission intensity
7 I vas held constant and equal to ~6¢107
2 W/em? in an exposure spot with Rg=l mm.
» Let us note that in the pressure range of
P Po < Per*5 mm Hg, A(pc)sconst. This means
that when I=6°107 W/cm? the pressure por 18
2 \ A critical, and at lower pressures the residual

1 A A
nf w7 »' »' Py, mm Hg air is equivalent to a vacuum from the view-

point of energy release of laser emission to

Fig. 4. Dependence A(pg) for the target. With increasing I there is a

a steel target reduction in p,r. An increase in pressure
above the critical point (see Fig. 4) leads

to a sharp reduction in the quantity A. Visual observations and high-speed

photography show that when Po > Por 8 light-detonation wave propagates through

the air in opposition to the laser beam.

It is interesting to trace the heat response of an auxiliary target located
to the side of the beam axis under the same experimental conditions. The
results of measurements shown in Fig. 5 were found in the same arrangement
of the experiment as in the study of vapor dispersal in vacuum (see Fig. 3).
Curve 1 corresponds to a value of Ry =10 pm, and curve 2 was found at

R} =17 mm. An examination of these curves shows that the efficiency A of
energy release over the auxiliary target at pp%0.1 ma Hg does not depend on
the residual air pressure. At high pressures the value of A increases,
reaches a maximum at p= Per 8nd then decreases.

37
FOR OFFICIAL USE ONLY

APPROVED FOR RELEASE: 2007/02/08: CIA-RDP82-00850R000100040017-8



APPROVED FOR RELEASE: 2007/02/08: CIA-RDP82-00850R000100040017-8

- PFOR OFFICIAL USE ONLY

4,%

|

s f-mmwu.’ &8 m
9t 97 » py, mm Hg I, WW/om?
Fig. 5. Heat response E,/E Fig. 6. Ceneral evolution
of an auxiliary target as a of the dependence A(I) of a
function of ambient air steel target (R/Ry®1) vhen
pressure pg 25 (1), 20 (2) and 60 mm Hg
» ' ?03), and 1 atm (4)

In the preceding ve have examined the behavior of A at different air
pressures, but at constant emission intensity Ix6+107 W/em?. Fig. 6 gives
an idea of the functions A(I) at different pressures pg based on the example
of a steel target with R=Rg=1 mm. We note here first of all one very
important experimental result. At each pressure pg there is an optimm
emission intensity I,y at vhich A(I) has a maximsma, the value of Iopt always
being close to the threshold value for formation of a plasma close to the
target. In the case of exposure of a steel target "in vacuum" (curve 1,
common to all py <pyy) this occurs at IsI*e3.10 W/em2, 1. e. close to the
threshold of target vaporization and development of optical breakdown in the
vapor. For pressures approximating atmospheric pressure (curves 3, 4) the
value of I, decreases to 107 W/cm? -- typical threshold intensities for
breakdowvn ogtair close to a target [Ref. 6]. In this case the breakdown of
air is initiated by breakdown of microimpurities on the target surface, and
no longer by breaskdown of the vapors of target material itself (steel).

In general terms the function A(I) at different pressures Po behaves like .
the curves of Fig. 6 in the case of targets that have a larger diameter of
the exposure spot as well.

Let us now take up some of the differences in the thermal action of pulsed
radiation of C0; lasers on metals in atmospheric and rarefied air. 1In the
first case, the "size" effect shows up more clearly in atmospheric air.

Fig. T shows the dependence of A at Po =1 atm for copper and steel specimens
as a function of the ratio R/Rg (points corresponding to A for copper targets
vere found at Rg»0.45 mm, and for steel -- at Rgsl mm; in both cases
Isl.l-107 W/em?, exceeding the breakdown threshold of air). It can be seen
that regardless of target material A is determined by the ratio R/Rg and
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reaches about LO¥ for targets with R/Rgsl2,
vhich is approximately triple the efficiency
of energy input when R/Ryel,

The results of the corresponding measurements
are given in Fig. 2 for low pressures.

Another distinguishing feature of the behavior
of effective absorptivity of metals in air is
the sharper drop of A in air than in vacuum
wvith increasing intensity when the threshold
intensity is exceeded for plasma formation
e ”‘ R /R.. close to the target.

The experimental results, and particularly the
gxias;:o;;:ers%lz:;a::f:::ci:s?ir "size" effect can be interpreted in terms of
and steel (1ight circles) model representations of an air breakdown
targets at Islb MW/cm? plasma as a source of explosion. BSuch an

approach is fairly fruitful, and for instance
has enabled a satisfactory description of the mechanical pressure pulse that

. is experienced by a target when a low-threshold breakdown of air produces
a plasma that is ignited on the target surface [Ref. €]. In this case, as
vell as in the discussion of Ref. 2 concerning experiments in which a de-
pendence A(R) vas observed in air, a model of a point explosion was used.
In a wore detailed approach to the problem of plasma heating of targets,
one cannot fail to consider that the energy release in the course of a laser
pulse occurs in some finite volume of air Vps 1. e. the breakdown plasma
generally speaking is not the source of a point explosion. Let us illustrate
this by a simple estimate that agrees well with experimental data.

Let all the energy E of a laser pulse be released in an initial volume Y
vithin vhich the pressure pp ie approximately constant and consideradly
greater than atmospheric pressure. Then we can set E=ppVp/(y-1) (y is
the Poisoon adiabatic constant for air). The plasma focus expands rapidly
vith volume Vy to some volume Vg, wherein the pressure Po approaches atmos-
pheric pressure. This expanded plasma space contains an appreciable fraction
of laser energy Ej=poVo/(y-1) that is not converted to shock wave energy,
but rather dissipates due to thermal rediation and heat conduction into the
ambient air and target. We can readily see that the energy stored in volume
Vo is transferred chiefly to the metal target. The contact areas of the
plasma with target and with eir are close to each other. The heat flux Q
from volume Vo at each instaut of time t is proportiomal to x|9T|, where T
is the temperature in the plasma volume, |VTf~T/v’)?t_, X and X are the coef-
ficients of heat conduction and thermal diffusivity of the ambient medium.
The wvalues of x for air and metals are of the same order of magnitude, while
the values of x in metal are three or four orders of magnitude greater than
in air.

We did the following experiments to determine the relative contribution of
natural emission of plasma to the process of heating of a metal target.
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An air breakdown plasma vas created on one surface of a thin salt plate, and
a steel target with thermocouple was pressed againat the other surface.

With such an arrangement of the experiment, the fraction of laser energy
absorbed by the target fell by more than an order of magnitude as compared
vith the case where the breakdown plasma vas initiated directly on the surface
of the target. In both cases the emission intensity and breakdown plasma
dimensions were about the same. Experiments were also done to study thermal
radiation of a plasma by using an auxiliary copper target with area of about
0.1 cm? that vas separated by a plate of NaCl from direct contact with the
dispersing plasma. It war established that the angular distribution of

heat radiation at intensities close to the threshold values is isotropic.
Besides, at distances of 1.5-6 em from the center of the plasma region the
thermal response of a target with NaCl plate and without it is the same,

1. e. the heat radiation of the plasma falls in the region of transmission
of the plate of 0.2-15 ym. Let us note that plasma radiation in the UV
region is strongly absorbed by air, and it was not recorded in the given
arrangement of the expe.iment. Two versions of the auxiliary target were
used: with a clean and with a blackened surface. The thermal response of
the target with blackened surface was four times as high as for the clean
surface. Such a difference ¢can be readily explained if consideration is
taken of the frequency dependence of target reflectivity. Blackened targets
absorb practically all radiant enargy that passes through the salt plate,
while the thermal response of clean targets is determined chiefly by plasma
radiation in the visible and ultraviolet regions of the spectrum. These
experiments showed that when Ielgyy the radiation losses from the plasme are
rather small (about 10% of the laser energy). In the light-detonation mode
these losses increase and may reach about 50%.

Assuming that the dimensions of the target are greater than the dimensions of
the plasma volume, and taking the expansion process as adiabatic, we can
estimate the effective absorptivity of the target in the region adjacent to
the plasma:

A=Ey/E= (pg/py) (¥-1)/v, (3)

Such an approach is valid for threshold conditions of air breakdown plasma
formation when about 70% of the laser energy is absorbed in the plasma, the
initial volume has dimensions of the order of the exposure spot and dispersal
into the ambient air is spherically symmetric (Ref. 6). In this case the
radius of the expanded hemisphere R=Rq/(pp/pg) **Y. For the conditions of
our experiments (Ix1.L+107 W/cm2, Rg=l and 0.45 mm, v+1.2-1.25) the value
of Rg/Rg~6-8 and the quantity As20-30%, which is in satisfactory agreement
vith the data shown in Fig. 7. When R/Bs >Rg/Rg The energy transfer to the
target is determined by the shock wave as vell, and gas heating takes place
behind the wavefront. If the exposure spots on the target are sufficiently
large, lateral expansion of the plasma volume is insignficant, and prac-
tically all the energy remaining in this volume after detachment of the
shock wave is transferred to the exposure spot, which is confirmed by the
results of experiments [Ref. 1].
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In considering heating of metals under conditions where an air breakdown
Plasma is formed on their surface, ve did not consider convective transfer
of hot air along the target, Such an assumption is apparently valid since
control experiments in which emission vas foouskd on the target from the

top downward and horizontally gave the same values of A within the limits

of error of the measurementd. Thesge experiments show that the characteristic
time during vhich the main portion of the energy stored in the plasma is
transmitted to the target is less than the time of convective motion of hot
air along the target.

On the other hand if the target is not in direct contact with the air plasma
and is oituated above it, then the contribution of convection to the thermal
response of the target may be considerable. We measured the quantity E,/E
for two identical copper disks located one above the other at a distance of
2R), and the air breakdown plasma was localized in the middle of the straight
line jJoining their centers. The measurement results are shown in Fig. 8,
vhere curves for laser energy input A=E)/E as a
function of distance Ry are given for two targets
(reduced to the solid angle 0 at which the targets
are visible from the center of the plasma region).
The experiments were done at a laser pulse energy
E«8-8.5 J. It can be seen that the energy input
to the upper target throughout the entire investi-
gated range of variations in Ri. This can be
attributed to the fact that the lower target was

R heated only by the hot air behind the shock wave
Fig. 8. Influence of front, after it had reached the target surface,
convection on heating vhile the upper target was heated by ascending

of a copper target in airflows as well.

air: Lover target --

black circles, upper

target -~ vhite circles
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PRYSICS

UDC 621.373.826.038.825

MBASURING THE POPULATION OF THE UPPER LASER LEVEL OF THE (O, MOLECULE AND THE
GAIN OF THE ACTIVE MEDIUM IN A WAVEGUIDE DISCHARGE CHANNEL

Moscow KVANTOVAYA ELEKTRONIKA in Russian Vol 6, No 1, Jan 79'pp 114119

[Article by B. A. Kuzyakov, Institute of Radio Electronics, Academy of
Sciences USSR, Moscov]

[Text] A method involving registration of the intensity
of gas discharge luminescence on a wavelength of 4.3 ym

is used to investigate the vay that the population of
the upper laser level of the CO; molecule depends on the
pressure of a working mixture of CO; + Ny +He. It {s shown
that the population of the upper laser level is propor-
tional to the discharge current at low pumping intensities
and is weakly dependent on the pressure p of the active
medium in the range of 70-120 mm Hg. The paper gives the
results of experimental measurement of the gain of a weak
signal with wavelength of 10.5 um as dependent on the
discharge parameters. The resultant experimental data are
compared with ansalytical calculation.

The investigation of waveguide gas lasers that operate on gas mixtures that
contain CO; [Rer. 1-6] is prompted by the outlook for developing miniature
lasers vith high gains, emission densities [Ref. 2] and frequency tuning
range of the order of several gigahertz. Higher values of these parameters
than those of the conventional (0, laser are realized by producing a uniform
glov discharge at a higher pressure of the working mixture in a discharge tube
of small diameter. Since there is a considerable difference between gas
discharge parameters at high and lov pressures, it is of interest to consider
the fundamental characteristics of the active medium of a 00; waveguide laser

(COx-WL).

1. One of the main characteristics of the active medium is the population of
the upper laser level. The luminescence intensity J of a steady-state gas
discharge is directly proportional to the population K of the upper laser
level. Therefore in this paper the population of the upper laser level 0001
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Fig. 1. Diagram of the experimental setup: l--discharge tube; 2--source of
supply; 3--vacuum meter; l-vacuum valve; 5--gas tank with working nixture;
6—=vacuun punp; T--dispiragm; 8--reference signal source; 9--interrupter;
10--long-vave germanium filter; 1l--short-wvave sapphire filter; 12--screen;
13--photoreceiver; lh--narrow-band amplifier; 15--synchronous detector;
16--chart-recording potentiometer

of the CO; molecule was measured in relative units by the method of recording
the number of photons with vavelength A=k.3 um emitted per unit of time from
the active volume with spontaneous transitions from the upper laser level to
the ground state for the (0; molecule (00°0).

The experimental setup dfagrammed in Fig. 1 enabled verification of tha
intensity 0 luminescence at different pressures of the working mixture and
gas discharfe current. Three-component gas mixtures of (0 +N; +He were
used as the working mixtures of the 002-¥WL. The discharge tube was a molyb-
denun glass tube 12.5 cm long with inside diameter of 1 mm and wall thickness
of 1.5 mm. The discharge tube vas placed in an envelope of the same ma-
terial through which water vas passed at a temperature of 17-19°C. Installed
in the ends of the tube vere mica windows 0.5 mm thick. The gas discharge
vas ignited between molybdenum electrodes soldered into side branches of the
envelope of the discharge tube. A stabilized pover supply with limiting
voltage of 20 kV gave a stable discharge in the chosen range of electric
field strength E and pressure p of the vorking mixture. The necessary value
of the discharge current I was provided by selection of the appropriate
ballast resistor of 2-3 M. Depending on the mode of operation the maximum
pover dissipation of the ballast resistor was chosen at 30-50 W,

The systems for pumping and inlet of the gas mixture made it possible to vary
the composition of the vorking mixture and the rate of circulation through
the discharge tube. At a low pumping rate the pressure vas determined as the
arithmetical mean of the readings of mancmeters located at both ends of the
discharge tube. Emission with a vavelength of A=4.3 ym was recorded by a
standard Ge:Au resistor cooled to the temperature of liquid nitrogen. The
signal from the photoresistor vas sent to a synchronous detection system.

To reduce the level of background radiation incident on the IR detector,
directly behind the output window of the discharge tube and in front of the
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vindow of the IR detector were diaphragms and special heat shields. The
useful signal vas isolated in the vavelength band of A=k,3 um by a long-vave
fomunh]m filter 2 m thick and a short-vave sapphire filter 4 mm thick

Ref. 7).

The results of rel:ative measurements of luminescence intensity as a function
of the pressure of the vorking mixture are shown in Fig. 2 (solid lines).

Iy I j — |

% w # P g

Fig. 2. Curves for the population of the upper level of the (0; molecule

as a function of the pressure of the gas mixture COp:Nz:He=1:1:8 for aif-
ferent values of pumping current; the experimental values are shown by solid .
lines, and the theoreticel curve is shown by the broken line

Measurement errors without consideration of inhomogeneity of the distribution
of luminescence flux through the volume of the discharge tudbe and effects of
self-absorption were 7-10%. It is clear from the given figure that the ‘
pressure dependence of the population of the upper laser.level of the 0y
molecule is nonlinear; population increases with punping current, and vhen
the pressure ranges from 70 to 120 mn Hg the population is weakly dependent ‘on
the preasure of the working mixture. The scale of population in absolute

- units shown in Fig. 2 vas obtained on the basis of a comparison of experi-
mental data with the results of analytical calculation [Ref. 8]. The re-
sultant values of laser level population Play a major role in determination
of the gain of the active medium.

2. To measure the gain of the active medium of the C02-WL, an experimental
facility designed for measurements on a vavelength of 10.6 um was used.

The main units of this facility are shown in Fig. 1. The probing signal
source vas a series-produced IG-23 laser with stabilized pover supply. An
attenuator-polarizer vas used to cut the intensity of the probing signal
down to a level considerably below the intensity of saturation of the active
medium of the discharge tube, so that signal level was 5 mW. The gain was
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determined as the ratio of the values of the referance signal vith and without
the glow discharge plasma in the tube. The system used for measuring gain
gave an accuracy of 10-12% in the chosen range of variation of parameters.

The resultant relations for gain as a function bf the parameters of the
active medium are shown in !‘i.g. 3.

Ko, ca~}; dB/m
o000}
a0
802

qon

401 ()
? ¥ W ® wp, mHg

Fig. 3. Curves for gain of the active medium of a (02-WL as a function of
pressure for mixtures of (0;:Np:He=l:1:4 (1, 2) and 1:1:8 (3, 4); discharge
currents 2 (1, 3) and 3 mA ?2, 4); the experimental values are shown by the
solid lines, and the calculated values are shovn by the broken curve.

In addition to the experimental investigation of CO0,-WL laser operation,

& theoretical study is also of interest to explain factors that would optimize
the parameters. In this paper we compare the experimental results with the
analytical description of veak-signal gain. In the investigated range of
variation of working parameters of the discharge tube, the emission line
shape is Lorentzian, and signal gain in the center of the line takes the forn

(Ret. 9]
Ky=exp(Kel), )

vhere I is the length of the active part of the discharge tube, Ko 18 a
-function of emission wavelength, amplification linewidth, the difference
betveen populations of laser levels of the (0, molecule (00%1) and (10°0)

and so on. In Ref. 8 an expression vas found for the Ko of the active

medium with different CO; and Nj percentages without consideration of the
population of laser level (10°0). 1In this paper, an expression is found for
Ko based on solution of kinetic equations for a three-level molecule, and
enabling consideration of the population of the lower laser level and analysis
of active mixtures of different compoeitions. In this case Ky is described
by the following expression:

K, = Ay M8 1)3,58.1008.18, a{0:0)8: + (on0) 8y 4 {0e0) 4 % X
. 4T -7,00 (,mﬁ 3 0ates B(lnin +$}T + XX
and O8

xup[-_.—"ﬁh"(l+ 1)][1 —-a, -gg-exp[_-g‘,-a,z(u n—a..ru-n)]],
X B ¢
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vhere A} 2 1a the probability of spontaneous emission, A is emission wave-
length, ﬁ; 2 are the rotational constants of the upper and lower laser level
respectively, ny is the electron density in the gas discharge plasma, L
are the volumetric contents of components CO2 and N2 in the active gas
medium respectively, k is Boltgmann's constant, T is gas temperature, Oo.N
are the respective cross seoctions of excitation of 002 and Ny molecules by
electron impact:

G =(Dy+Dy)%(1/M+1/M)% (Ref. 20],

vhere Dy, are the optical parameters of collisions of type "a" and "o"
molecules, Mgy is the molecular veight of the colliding molecules,

Re™14(0,0) 01+ B 8¢ +9,8 8,8,y
Ry, (On0) 1 o+ a8e+ iy +e8, 4%y

18 the probability of excitation (de-excitation) of molecules
of CO; (Nz) by electron impact, a. are the rate constants of processes of
transfer of excitation from N% to €O, and back, B8] 2 are the rate constants
of relaxation of vibrational levels ?00"1)002 and (vnl)Ng in collision with
molecules of C0p, a3 is the ratio of populations of laser levels (10°0) and
(0001) of the €02 molecule, y; » are the rate constants of relaxation of the
level (0091)CO; and Na(v=1) i collision with N2 molecules, €; 2 are the
rate constants of relaxation of 0, (level 0091) and Ny (v=1) In collision
vith molecules of He, x; 3 are the rates of de-activation of excited molecules
of CO; and Ny on the wall of the discharge tube.

The values of these quantities are given mainly in Ref. 8. 1In defining them
it was assumed that the temperature of the inner vall of the discharge tube
is the same as that of the cooling water. Such an assumption is completely
valid for discharge tubes made of materisls with a high coefficient of heat
transfer such as BeO ceramic. However, when a gas discharge is burning in a
tube made of glass a temperature gradient arigses between the inner and outer
surfaces of the tube, which leads to the necessity of more exact determi-
nation of gas temperature.

3. The gas temperature in the discharge tube can be determined from the
following formula [Ref. 11:

Ty=Wr10.178/K,+/y Kyuln(ry/r) 14T, i@

vhere W is pumping power, r and r) are the inner and outer radii of the
discharge tube, Kp M are the respective heat conductivities of the gas
mixture and the tube material, Ty is the temperature of the outer surface
of the tube.

The coefficient of thermal conductivity Kp of the gas mixture can be calcu-
lated by one of the methods of the theory of thermal conductivity, for
instance by Brokau's method [Ref. 12]). 1In this case, Kp is determined

as the superposition of the coefficients of thermal conductivity of the
components of the gas mixture. At a gas temperature of 273-473 K the

47
FOR OFFICIAL USE C!ILY

APPROVED FOR RELEASE: 2007/02/08: CIA-RDP82-00850R000100040017-8



APPROVED FOR RELEASE: 2007/02/08: CIA-RDP82-00850R000100040017-8

FOR OFFICIAL USE ONLY

coefficient of thermal conductivity of He (\jje =0.1346 keal/(mehredeg)) is
7-10 times as high, and the coefficient of thermal conductivity of N

(AN, = 0.0237 keal/(mehredeg)) 18 1.3-1.7 times as high as the coefficient

of thermal conductivity of CO; (Agy, =0.0154 kecal/(mehredeg)) [Ref. 13]

(the numerical values of the coefficients of thermal conductivity of the
components of the gas mixture are gziven for Tp =323 K). Therefore expression
(3) at high percentage contents of He may be used to analyze both a two-
component mixture of CO; +He and three-component mixtures of COp +Nj +He,
The dependence of gas temperature on discharge current calculated by formula
(3) fﬁr a gas mixture of COy:Ny:He=1:1:8 is shown by the broken line in
F‘so . .

In addition to calculation of the gas temperature, an experimental study was
made of the gas temperature as a function of the pumping parameters of the
active medium. Oas temperature measurements were made with a graduated
copper-constan thermocouple connected to a precision millivoltmeter. To
eliminate the influence that electron and ion components of the glow discharge
'plasma have on the readings of the recording device, the thermocouple was

Y . 0,0 % : I=3mA
o 7

u .
w
10 4 !
v ) : /MV
Y]

J W T S T T U W S W T )

\

| 1 1 1 1 .2
¢ W 0 N I 0 ¥ W ® ®p, mHg

Fig. 4. Experimental (1, 3)
and calculated (2) curves for
gas mixture temperature as a
function of discharge current
in the veak circulation mode
for mixtures of COz:Nz:Hes=
1:1:8 (1, 2) and 1:2:7 (3)

Fig. 5. Electron density
in glow discharge as a
function of the pressure
of the active medium
002:N2:He=1:1:8 for
different pumping currents

placed in a sealed thin-walled quartz tube with spherical cavity 0.4 mm in
diameter on the end. This temperature sensor was installed inside the dis-
charge channel close to its end face. The gas termjperature measurements
(solid lines on Fig. 4) were made under conditions with weak circulation of
the gas mixture. The measurement error was 8-15%. The given data show that
vich a change in pumping intensity from 100 to 400 mA/cm¢ the temperature of
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gas mixture changes by nearly an order of magnitude. Therefore in calcu-
lating the gain of the active medium it is necessary to account for the
resultant temperature dependences. .

Consideration should also ba taken of the circumstance that the gas tem-
perature appears in the analytical expression for gain (2) not only as a
parameter, but the coefficients of this expression also depend on gas tem-
perature. The latter coefficients are determined on the basis of their
temgierature dependences [Ref. 14-17] with consideration of specific discharge
conditions.

The electron density ng in the gas discharge plasma, which appears in
expression (2) for gain, is determined on the basis of measurement of the
external discharge parameters with consideration of the drift velocity of
electrons in the gas mixture, and is shown in Fig. 5. The parameter Ko
depends on the pressure and composition of the gas mixture [Ref. 8]. By
using the resultant characteristics we can plot the calculated curves for
the population of the upper laser level of the C02 molecule and the gain of
the active medium as dependent on gas pressure (see Fig. 2, 3, broken curves).
As can be seen from the resultant graphs, correction of the parameters
appearing in the expressions for gain and population of the upper laser
level with consideration of temperature dependences enabled us to reduce the
discrepancy between experimental data and the theoretical results of Ref. 8.

Our analysis shows that the investigated characteristics of the C02-WL are
complicated functions of many parameters with values determined by the
specific conditions of creation of the population inversion. The complexity
of the analytical description of the investigated characteristics is also

- due to the fact that many quantities appearing in the analytical formulas
are determined on the basis of a large number of varied experiments and are
semi-empirical in nature. Howvever, under certain assumptions it is possible
to estimate the relative error of the given expressions. As an example let
us consider the analytical expression for gain Kg. Since the values of the
function Ko are positive, we have the following expression for the relative
error §x under condition of small absolute errors of its argument Axj that
are constant in the selected range of definition of Ko [Ref. 18]:

6..— ‘2"R|;' '%%" Ax,. (4)

In doing calculations by formula (4) we get a relative error 8y = 8-12%,
The given errors of the analytical calculation are of the same order as
the errors of the experimental results, which is an indication of the
validity of the method chosen for calculation.

In conclusion the author thanks M. Ye. Zhabotinskiy and V. V. Grigor'yants
for assistance and constructive criticism, and also T. V. Babkina for help
with the measurements.
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PHYSICS

UDC 621.378.325
DESIGR AND METHOD OF CALCULATING AN INDUCTIVE ACCUMULATOR FOR LASER PUMPING
Moscow KVANTOVAYA ELEKTRONIKA in Russian Vol 6.}No 1, Jan 79 pp 127-133

[Arti].cle by I. I. Artamonov, V. A, Barikhin, V. V. Borovkov and V. I. Kashin-
tsov

(Text] Analytical expressions are obtained that describe
the operation of an inductive accumulator into a load

that contains inductance and resistance. It is shown

that a reduction in the inductance and resistance of the
load increases the energy dissipated in the load and the
time of energy release, while an increase in inductance

and resistance reduces the energy and time of its release.
An experimental check is done on theoretical calculations
based on the example of a laser using a solution of
Rhodamine 6G in ethanol with flash-tube pumping. In

this check, the use of an inductive accumulator as the
pumping source increased the output energy of the laser

by a factor of 1.5 vhile shortening the pulse front of the
stimulated emission by a factor of 2.5 as compared with the
parameters of a laser with capacitive accumulator under the
same conditions.

At the present time nearly all the records being set for laser emission
parameters are achieved on solid-state lasers. To a great extent, this is
the result of development of powerful electric discharge light sources with
capacitive accumulator supply. At the same time, light source requirements
in the final analysis are determined by the specifics of the working laser
transitions, and therefore the use of a given source of supply in each
specific case must be based on the characteristics of the active medium
rather than on the traditions that have evolved up to the given point in time.

It has been mentioned in the literature [Ref. 1-4] that inductive accumulators
(IA) have advantages when rapid input of stored energy to a load is needed.
Data of theoretical calculations (Ref. 5, 6] show that it is advantageous

to use the IA for instance in dye lasers where the influence of the rate of
increase in excitation is quite appreciable.
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1. Operation of the IA into a mixed load

Usually the IA consists of a storage circuit and a load circuit [Ref. 1]
connected in parallel. First the energy of the' external source is stored
in the inductance of the storage circuit, the switch of the load circuit
being open. After the stored energy has reached a predetermined value,
the switch of the storage circuit is opened simultaneously with closing of
switch of the load circuit, and as a result the energy stored in the accu-
mulator inductance is partly or completely released in the load, which may
be either an inductance or a resistance, or both together. Usually elec-
trically exploding wires (EEW) [Ref. 2] are used as the switches in the
storage circuit, and dischargers are used in the load eircuit.

Up until now the process of energy transfer to the load has been calculated
in only two cases: for inductance without resistance, and for pure resistance
without inductance [Ref. 1, 3]. Either numerical methods or qualitative
representations have been used to describe the process of energy transfer

to a mixed load. Nevertheless, even in this case analytical expressions can
be found that describe the principles governing transfer.

If the instant of operation of the switches is taken as the time t=0 of
beginning of readout, the process of energy transfer to the load by analogy
with Ref. 1 is described by the following system of differential equations

Lyfy+RIg=0, Lyfgtrlg—RIy=0, I,=I,+1Iy (1)
with initial conditions I;{0)=1Ig, I5(0) =0, where L is inductance, I is
current, R=const is the pure resistance of the switch in the storage
circuit wvhen t =0, r =const is the pure resistance of the load, the sub-
scripts 1-3 refer to the parameters of the storage circuit, the load circuit
and the switch of the storage circuit respectively. It should be emphasized
that system (1) describes transfer only for the case R=const throughout
the process. The ~validity of this assumption in the range of 10 ns-10 us
is shown by the experimental data given in Ref. 1-k.

It 1s convenient to use direct Laplace transformation to convert system (1)
to a system of algebraic equations in image space:

Lylst—1,(0)14Riy=0, Lgylsiy—Iy(0))+rig—Rig=0, iy=is+iy, (2)

and then to find the originals of the solution of this system from a table
of correspondences [Ref. T]:

) = MU VT | A=VI=— )

_20+9—(4 = _ T )
AT =) o AL VI

@)= SR (VIS ), )
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5 0) h—éA -g_g— ) exp {___Aiﬂ,}_
_;&L-JQAV%JE/?;—_W).“,,{_AAL_@E_FM}. )

Here we have introduced the dimensionless functions Jy =Ii/Iy (1=1, 2, 3),
the dimensionless variable z =t/RL; and the dimensionless quantities x=r/R,
y=La/L) and A=l+x+y, A characteristic feature of the transfer process is
that the quantities x and y.enter symmetrically into expressions (3)-(5).

In the limit as r, Ly+0, we can get the conventional expressions [Ref. 1, 3]
for a purely inductive and purely resistive load from (3)-(5).

It can be readily shown that at time

tn = (AV =41 In %%f%g— . ©

vhen the current in the load circuit reaches the maximum value

Jo(2m)=(xp)~Yexp|—Az,/2), L, o
the energy released in the load (r $0) is ‘
Ey) = (e} @dr=4 (1 - -'-‘-';‘;‘—"'Le"'M), ®
0

vhere E=L11'6/2 is the energy stored in the inductance of the storage circuit,
and the voltage across the load reaches the value

1 It + Lol tn)/tm=RI oJs(2m) 5+ 1/20). -
Expression (L) implies that the characteristic time of energy release in the
= load is
2,3 (A-V A=), (10)
and the total energy dissipated in the mixed load (r#0) is
] , 5,--’§I-Jr.1;(z)dz-£. an

In some cases expressions (6)-(11) can be simplified. For instance for

% Y310 2,224 Jy(2n) 2 0,38/V xy;  Eq(2,) <E[24; uy= 0,19RI,(3x +y)/V xy;
7,~6/A. In this case the pulse duration in the load circuit can be appre-
clably shortened, but the energy released in the load decreases by the same
factor. Nonetheless, it is this case that is of the greatest interest in
practice since the transfer process can be calculated by formulas (1)-(11)
even 1f R and r vary slightly in time ~Ze. Thus for instance one can realize
nenosecond pulses with fairly high energy in electric-discharge sources for
laser pumping with high impedance when breakdown occurs. Obviously the
possibilities for shoriening pulses in this case are limited in practice
rimréJ].y by the electric strength of the switch in the load circuit

Ref. .
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In the opposite case (x, yS0.1) ve can get: 2z,melnixy; Jy(zdmly; E,(2,)mexyE;
Uy R y(=1/In xy); 2,m(2xy)~Y; EymE. In this case nearly all the energy stored
in the storage circuit is released in the load; however, there is a con-
siderable increase in the duration of the pulse in the load circuit. Here
the current pulse -in the load has a typical trapezoidal shape: in the
interval 2, S2 Sz, there is almost no change in current: Ja(z) »Ja(zp).

The oporatTon of the IA into a mixed load in this state can be described

by expressions (1)-(11) only when R=const and r =const at least up to
values of z ~zq.

The transfer requires first‘'of all that the energy stored in the inductance
of the storage circuit be maximum, and secondly that vaporization of the EEW
in the electric explosion be complete. - These requirements are met if we can
satisfy the condition that the integral of current be equal to the change
of internal energy of the EEW during heating and vaporization [Ref. 2]:

‘ J'rdt-:foaq. : 12

vhere J is the current density in the EEW before the explosion, o is the
conductivity of the EEW, Q is the density of internal energy of the EEW
(initiel Q), during explosion Qz), T is the instant vhen the current in the
storage circuit reaches the maximum. We assume that all processes take
Place before operation of the switches of the IA, i. e. before the start of
energy transfer to the load. From (12) we can find the cross section of

e B Sm (I}'dl /k, | )

]

ir J(t) and the quantity k= |0dQ, that is determined by the material and
{1

geometry of the EEW [Ref. 2] have been experimentally measured.

If we know the quantities E' (energy stored in the storage loop from the

external source up until time t) and E" (energy released up to this time in
the EEW, where

E'=pE’, ' (14)
and 8<1), and also the energy E" required fox.' complete vaporization of the
EEW,

E'"'mpVq (15

{p is density, V is volume, q is the specific energy of sublimation of the
material of the EEW), then setting (14) equal to (15) we can readily find
the length of the EEW:

{=BE’/Spq. (16)

Our analysis shows that when the IA works into a mixed load it is a fairly
universal energy source, and in particular may be a source for pumping lasers.
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2. Experimental facility

The experimental setup consisted of a capacitor bank and a coaxial flash tube
(CPT) in which & circular vacuum discharger with forced ignition vas the
commutating element of the discharge loop. The capacitor bank with capacity
C=57 uF vas charged to a voltage of up=15 kV in operation with the IA, and
to up =1l kV in operation vith a capacitive accumulator. The current and its
derivative in the discharge circuit vere recorded by Rogowski loops, and the
output-sighals were sent to 81-26 and 51-37 oscilloscopes. The duration and
shape of the pulses of laser radiation and pumping radiation vere recorded
by FEK-14 photocells through the S1-37 oscilloscope, and the rise time of
the stimulated emission was recorded by asimilar photocell on the 8-1-26
oscillogcope. The active medium vas a solution of Rhodamine-6G in ethanol.

’ . The concentration of dye molecules in
all experiments was 5°10~5 mole/cm3.
The design of the CFT is deseribed in
Ref. 9. Dimensions of the discharge
cavity: length ~135 mm, inside diameter
27 mm, outside diameter 60 mm, vorking
volume of the cell ~i5 cm3.

Evacuation

laser and the IA are shown in Fig. 1

(dimensions are given in mm). The flat

3 mirrors of the cavity (r'=0.99 and

& . r"=0,6) vere the ends of cell § with

*Z‘ roms the dye solution, the output mirror

being bellows-mounted for adjustment.
} The discharge cavity 11 of the CFT
vas formed by the cell and a quartz

tube, and was filled with xenon to

9 . 10 mm Hg. Discharge took place between

! two metal electrodes 1 and 2. Teflon

! tubes 4 were set in 12 openings drilled

axially with the discharge cavity in
Fig. 1. Inductive accumulator Jacket 3 and in the electrodes of the
tube. This was done to prevent possible damage to the CFT with explosion of
the EEW. The exploding wires 5 vere soldered on one side to brass spokes 6
fastened to the inside cup 7 within which the tube was tightly set, while the
other vas soldered to the face of the return current lead 8. Cup 7 and
current lead 8 were attached to electrode 10 of the vacuum discharger.
Spokes 6 enabled selection of the optimum length of the EEW in adjusting the
switch of the storage circuit in experiments with the IA, and acted as the
return current conductor in operation with the capacitive accumulator,

- making the discharge circuits equivalent with respect to the energy released
in the load.

~g5

3

4 :

& (] : The main structural elements of the
f ]

?

I}

The dimensions of the coaxials were selected in such a vay that the inductance
of the storage circuit formed by the return current lead and the EEW would
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be equal to the inductance of the load eircuit formed by the EEW and the
electric discharge plasma in the tube (L; =Ly =L0 nH), This method of con-
necting coaxials vas used in Ref. 2; in the given case, the gap between
electrode 2 and return current lead 8 acted as an uncontrolled air-discharge
arrester. . . '
It vas found from experiments with the capacitive accumulator that the pure
resistance of the CFT after breakdown was r=3.5 md. In the IA experiments
the value of the integral of current was determined for up =15 kV and

ky = 24109 A2:5/cm? for copper, and on this basis formula ?13) vas used to find
the matching cross section of the EEW. It was found that in the optimum
variant the EEW is a strand of 15 copper wires with cross sectional area of
8§=0.9 mm?, A preliminary evaluation of the length of the EEW vas made by
fornula (16), and the final value of I vas experimentally chosen. As can be
Seen from Fig. 2, the time for reaching the maximum qu.x is a minimum for

Lol em, Rpey in thie case being 0.2 0.

Thus in the given instance x~0.02, y=1, A=2,02,

£, us and according to (11) E; ~0.5E, and consequently
the choice of values of ug =15 kV in operation
L vith the IA and ug =11 kV in operation with the
ny capacitive accumulator makes the energy released
a’, in the load the same. It can be easily shown that
for the given values of C, Lj, R, x and ¥ in both
4’2 3 T cases tq =10 ps.

Fig. 2. Time for reaching 3. Discussion of the results

?::"gtgs o: :‘::cg:n of the Measurement results are given in Fig. 3, 4. 1In

operation of the CFT from a capacitive accumulator
an oscillatory damped discharge was observed with maximum current being
reached at tp =2 us. In the case of excitation of the discharge in the CFT
from an IA, energy transfer to the load started at the instant when the
current (energy) in the oscillatory tank was maximum. In the load circuit
the current reached the greatest value of ~300 kA within ~0.6 us, the calcu-
lated values being 302 kA and 0.52 us. Oscillations of the current in the

Fig. 3. Time behavior of pumping
radiation (a, 6) and stimulated
emission (6, 2) in operation with
a capacitive accumulator (a, &)
and wvith an IA (6, 2); scale
division 2.5 us
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Fig. 4. Oscillograms of discharge
current (top beams) and wavefront of
stimulated emission (lower beams)
for versions without transfer (a)
and with transfer (6) of energy;
time divieion 0.2 us

discharge circuit after transfer were due only to the imperfection of the
recording system, or poasible "pinching" of the discharge in the tube.

In the version with capacitive accumulator the pumping pulse duration at
half-height was 7.7 us, the stimulated emission pulse 3 us, and with the

IA -~ 2.2 and 3 us respectively (see Fig. 3), a typical plateau being observed
in this case in the vicinity of the maximum of the lasing pulse (see Fig. 3e),
vhich is in total agreement with the conclusions of section 1 on the trape-
zoidal shape of the current pulse in the discharge circuit for small x,

and cxperimental results (see Fig. 4). The absence of a plateau on the
oscillogram of the pumping pulse (Fig. 36) can be attributed to the specifics
of the spectral characteristics of the FEK-lk photocell (light filters were
not used in the experiments).

In operation with the capacitive accumulator stimulated emission arose
practically at the maximum current, lasing intensity reached the greatest
value vithin 8 us, after which a rapid drop began, although the current up
to this point did not have time to change much (Fig. 4). This shows the
high thresholds of onset and interruption of lasing in the given instance.
Use of the IA reduces the rise time of the lasing pulse to 0.7 us, and
lasing arises practically simultaneously with the current in the load,

the energy in the pulse of stimulated emission increasing to 2.2 J as compared
vith 1.5 J in the first variant, primarily due to the reduction in rise time
of the pumping pulse, leading to a reduction in the threshold of onset of
stimulated emission [Ref. 6].

Thus the use of an IA as the pumping source for a laser on a Rhodamine 6G
dye solution increases the output energy of the laser and shortens the
duration of the lasing pulse front.
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PHYSICS .

UDC 621.375.9:535
HEAT LENSES IN THE ACTIVE ELEMENTS OF PULSE-PERIODIC GLASS LASERS
Moscow KVANTOVAYA ELEKTRONIKA in Russian Vol 6, Jan 79 PP 140-145

(Article by N. Ye. Alekseyev, A, K. Gromov, A. A. Izyneyev, Yu, L. Kopylov
and V. B, Kravchenko, Institute of Radio Electronics, Academy of Sciences
USSR, Moscow]

(Text] An analysis is made of the influence that the
thermo-optical characteristics P, Q and 6 =dP/dt of laser
glasses have on the size of the heat lens induced in the
active element of a pulse-periodic laser. The sizes of
heat lenses and their temperature dependences are measured
for a number of athermal phosphate glasses. A new method
is proposed for determining P, Q and 9 from the aberration
parameters of the heat lens. The values of P, Q and @ de-
termined by this method are compared with the known values
of these parameters for the investigated glasses. The tem-
perature dependences of lasing energy and divergence are
measured. It is shown that glasses with the lowest value
of © have the minimum temperature dependence of these
characteristics.

then a solid-state laser operates in the periodic-pulse mode with high
average pumping power, considerable temperature differentials arise in the
laser active element (AE) that lead to a change in the index of refraction
and the development of a heat lens. This effect is especially considerable
for glass because of its low thermal conductivity., Therefore the use of
glass AE's in such devices requires consideration not only of thermo-optical
characteristics of the glass used, but also of the vay that these charac-
teristics depend on temperature [Ref. 1-3].

Consider the case of a cylindrical AE vith length much greater than its
diameter. With volumetrically uniform heat release and uniform cooling of
the lateral surface after the steady state is reached, a parabolic tempera-
ture distribution is set up in the AE

T(y=T+AT(1—2Y),
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vhere T is the temperature of the lateral surface of the AE, AT ia the
temperature differential between the center and the surface of the AE,
E=r/R, r 1s the running radius, R is the radius of the AE.

The following expression [Ref. 1] defines the optical difference of the
th between the center and the point with running coordinate for radially
r) and tangentially (9) polarized light for such a temperature distribution:

A%, ¢ = AT [P. d:-%L+O(T+2AT—AT5')]. m

Here I is the length of the AE, P and Q are thermo-optical characteristics
(Ref. 4] taken at the zero of temperature, 0 =dP/4r.

It should be pointed out that in Ref. 1 there vas apparently a misprint in
the given expression since the last term in parentheses is given as 0AT2E2,
It is concluded in Ref. 1 that the minimum aberration in the AE is

n=(a7)%082(2 - £2) (2)
reached at a temperature of
Tho= —(Pek', Q)0 ~ ®

 For more detailed analysis of the behavior of the heat lens we introduce
the quantity Pp=Pg + 6T and determine the optical pover of the lens from

the formula )
1/F=24L/P, “

With consideration of formula (1), we find that the power of the heat lens
is defined by the expression

VFmfy1/fy, ®

) where
oo (pes ) .
4= 24T zr 0 2—E. Y]

The lens defined by expression (6) is spherical, and its pover depends on
the polarization of the light beam; lens (7) is aspherical, and its param-
eters are independent of polarization. Hints at such a nature of the heat
lens without detailed analysis can be found in Ref. 3.

It is _lear from expression (T) that the pover of an aspherical lens is
determined by the temperature differential between the center and edge of
the AE and the quantity 6, depends on r and does not vanish anyvhere, the
change from center to edge being by a factor of two (the given property
can.be used to determine the quantity 6).

According to formulas (5) and (7), a heat lens for a given temperiture differ-
ential AT can be compensated only for a certain value of r. Setting (5)
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equal to zero, we can get the temperatures
T;..- —AT—(P.:E‘/.QQ)IG; ' (8)
T3, e —2AT—(Py"/,Qs)0, ®)
that correspond to compensation of the heat lens on the edge (r=R) and in

the center (r =0) of the AE and that differ from each other by the amount
of the temperature differential AT,

Temperature THO bounds the stability region of the laser cavity from below
(belov this temperature the heat lens becomes negative over the entire
cross section of the AE). With increasing temperature the stability region
expands, and at a temperature ’I’}. the heat lens becomes_positive over the
vhole cross section of the AE. it is significant that 'I'f. ¢ and ’I‘}.% depend
not only on P, Q and 6, but on AT as well, i. e. on the pimping pover.

Thus the concept of the optimum temperature of the AE of the laser intro-
duced in Ref. 3 becomes indeterminate. :

Our mathematical analysis brings us to the question of accuracy of measure-
ment of the thermo-optical constants P and Q by gradient methods ( see for
instance Ref. L) that do not account for the temperature dependence of P.
This should lead to an appreciable systematic error, which was indeed
observed in Ref. 5.

Formulas (6), (7) or (8), (9) enable us to determine Py and Q with con-
sideration of the temperature dependence of Pp. To do this, we must know
the optical pover of the heat lens, and also 6 and AT or 'r;’ I, Measurements
of this kind were done on cylindrical AE's 8 m in diameter’by 100 mm long
made of GIS22, LGS-I and LOS-M phosphate glasses. Pumping was done by an
ISP-600 tube placed together with the AE in a quartz monoblock with mirror
reflecting surface. A liquid ecirculating at a rate of 5-15 1/min was used
for cooling the AE and absorbing pumping emission shorter than 4500 nm.

The recurrence rate of the pulses of stimulated emission varied over a range
of 1-10 Hz, and the pumping energy in a pulse reached 100 J.

The focal length of the heat lens vas determined by two methods: by the
arrangement used in Ref. 6, and by using a three-slit Zernike interferometer
(Fig. 1 (Ref. 8]), measuring the displacement of the focus Ac of an uaxiliary

’ 4c
;= it L
iy

' 3 x| ¢ |

<+ T —y

1

Fig. 1. Diagram of experimental setup: l--quarter-wavelength plate; 2--
diaphragm; 3--active element; L--polarizer; S5--auxiliary lens; 6--ocular;
f--focal length of auxiliary lens; Ac--displacement of the focus
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lens. The principal measurements were done on a wavelength of 0.63 um; an
external diaphragm enabled measurement of focal length up to 50 m at any
points of the cross section of the AE with accuracy no worse than $10%.

The results of measurements for LOS-I and

! i 1GS-M glass are shown in Fig., 2. The lens
; had considerable spherical aberration and
! astigmatism. Lens power is close to a
0 parabolic function of radius. Astigmatism
is caused by imperfection of the cylindrical
" 1lluminating system and is expressed in the
a

elliptical distridbution of sections with
the same focal length over the cross section
L of the AE. The axis ratio of the ellipse

r Nl

. y E was close to 1:2.

X O(GD ) The temperature differential was also de-
termined by several methods: 1) from the
temperature dependence of lens vower (Fig.

b

3); 2) from the number of interference

rings in the pol;rization pattern of

birefringence; 3) by using a thermocouple
;:gé f;nsbg:::bz‘t'::ntgz g::“ inside an opening bored along the axis of
section of active elements the AE; L) from the relative longitudinal
made of LOS-M (a) and LGS-I extension of the AE due to heating. The
(b) glass: r--for radial, lengthening with heating is proportional
d—for tangential polarization; to the average temperature of the AE Ty
AT ~ 80°C in the case of parabolic temperature dis-
tridution AT = 2Tyy.

e e o )

All methods of measurement gave results that were close. The quantities

Pp and Qp were calculated by using the values of 6 from Ref. T; measurement
results are given in Table 1. Also given there are the values of Py ﬂd Qo
calculated from formulas (8) and (9) in terms of temperature T and T

from formulas (6) and (7) in terms of the heat lens power, and also the
data of Ref. 3. The results agree well with the values of P and Q calculated
by the analytical expressions of Ref. 4 (see Table 1). Comparison of the
results for GLS22 with the results of Ref. 3 shows that the values of Qg
coincide, while the value of Py with consideration of temperature dependence
is less than the value given in Ref. 3 by 7:10~7 deg-l. For glasses with
low Pp this is a considerable error.

Given in Table 2 are the values of TL , and ’I‘II,I obtained from the data of
Fig. 3, and the distributions of heag iens powdr over the cross section of
the AE (see Fig. 2) as compu-ed with results of Ref. 1 on determination of
the "optimum temperature" (formula (3)). It can be concluded from a
compgrison of the results tﬁ&g the values of ’1‘,. ,¢ are closer to the values

corresponding to the zero value of lens power in the center of
the . .
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'Fig. 3. Temperature dependence

of heat lens power: AT=28°C;

a) r-polarization; b) ¢-polarization;
1l--10S-I; 2--01S22; 3--LGS-M; £=0.5
(broken 1ine) and 0.82 (solid line)

on=diopters
-04
g TABLE 1
(5) < (1) cxne noc ann Aan 0,63 uxu, 10~ ppag=?
Mapxa H o
erenns (gs wpn(l't)un [(R ] (ga)moac,nul (6) » hi)l:u;::l.l'moi“x (33
" Py Qe Py Q Py Q Py Q
6)rncz2 -8 46 | =7 48 -5 5,4 1 4
E Jqrc-H -2,7 6,0 -3,7 5.2 —4 4,7
Jrc:m -8 55 —8,4 5,6 -8 5,8

KEY: 1l--thermo-optical constants 5--Glass grade
for A=0,63 pm, 10-7 deg=! 6--GLS22

2-~from expressions (8), (9) 7--1GS-1
3--from expressions (6), (T) 8--1GS-M
l--from analytical expressions*

[Ref. 4]

*P, Q calculated from thermal expansion, Young's modulus, Poisson's
ratio and thermoelastic constants.

##Recalculated for A =0.63 ym using data for W(A) from Ref. 9.
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TABLE 2
(1) T, i, 7% ¢ 1)
MapKe crenan
, ’ k) r ® r L4
2)arc.u —25 5 —60 —35 - -
E rnce2 2 4 ~35 6 —2 4
Jre-M 18 % =16 40 — —
KEY: .1--Glass grade
2--168-1 .
3--GLS22
L--168-M

Note. T0 15 recaleulated for A=0.63 um by means of expression (6);
r, ¢ are the radial and tangential polarization respectively. :

The problem of divergence of emission of a pulse-periodic laser is con- ,

siderably complicated by the spherical aberration of the heat lens, and its

examination requires a more complex approach than that used in Ref. 1. It

can be concluded that with a reduction in 6 while retaining optimum values

of Pg and Qp both the divergence of the radiation and its temperature

dependence must decrease. The results of divergence measurement as a

function of temperature for a number of glasses are shown in Fig. U (the

measurements were made at a level of 25% of the total emission energy).

The temperature behavior for GLS22 glass agrees with the data of Ref. 1;

the divergence at the minimum is close to the diffraction limit. The

value of the rate of change in divergence with temperature in the vicinity

of h0°C for LGS-M glass is approximately 67% lower than for LGS-I and

GLS22 glasses, which agrees with the ratio of the values of © for these

glasses. .
Just how appreciable is the contribution
that the value of 6 makes to the power of
the thermal lens induced in the AE of the
laser in the pulse-periodic mode can be

2 Judged from the data of Table 3. It is
only for GLS-1 with high Py that the
contribution determined by 6 is lower

N L L L L : than Py and Qp; for glasses with low Pg,

W -0 0w W o8I which includes all athermal glasses, this

‘ contribution becomes decisive.

[ ang.' min,

3

Fig. 4. Divergence as a func-

tion of temperature for glass An investigation of the way that lasing

g:d:ésfﬁszg)(l)’ GIs22 (2) depends on temperature (Fig. 5) has shown
that maximum lasing energy occurs at a
temperature that corresponds to the change of sign of the heat lens power
for a radially polarized light beam, and the steepness of the drop increases
with increasing 6. Thus our research leads to the following conclusions.
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TABLE 3
" _thm. |(/li.)un“(3opnm ( g.. an (Qopuyas (3_)",,. I
rc.H 0,18 0,33 0,1
g J1C22 —0,25 0,24 o.lg
; rc-M ~0,17 0,14 0,00
41CH 0,88 0,37 0,18(2)

-

KBY: 1--1/f), diopters (formula (6)) 5--108-I
2--1/1'2, diopters (:formula (7)) 6--0L822
3-+0°107, deg! T--108-M
4--Olass grade 8--0L8S-1

Note: r-polarization, Tg,.r=0°C, AT =28°

1. The heat lens that arises under the
Ep, rel. units influeace of pumping in the AE of a solid-state
laser in the pulse-periodic mode is determined
by the thermo-optical constants P and Q, and
also by the quantity 6 =dP/dT. Under steady-
state thermal conditions with parabolic tem~
perature distribution the lens formed by the
contribution of P and Q is equivalent to a
spherical lens, while the lens formed. due
to the contribution of 8 is aspherical.

2. The temperature at which the power of the
heat lens on the edge or in the center of the
AE becomes zero dzpends on the pumping power,
and therefore the glass cannot be characterized
by a definite "optimum temperature."

-” -m
Fig. 5. Temperature depen-

dence of lasing energy for

gll;;; g&)&des LGS-M (1) and 3. By measuring the power of the heat lens and

its temperature dependence for orthogonally
polarized light beams we can find the values of the quantities P, Q ang 0.
It has been shown that disregarding the temperature dependence of P when
measuring thermo-optical characteristics by the gradient method leads to
systematic overstatement of the measurement results.

L. For athermal glasses, vhich have small values of the constants P and Q
there is an increase in the role of the contribution of the aspherical lens
determined by the quantity 6.

5. LGS-M glass, which has the minimum value of 9, has the weakest dependence
of radiation energy and divergence on temperature.
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PHYSICS

UDC 621.373.8.029.71

GASDYNAMIC PERTURBATIONS OF THE FLOW IN PULSE-PERIODIC (O, LASERS. I. CON-
VECTIVE REMOVAL OF HEATED GAS FROM THE DISCHARGE REGION

Moscow KVANTOVAYA ELEKTRONIKA in Russian Vol 6, No 1, Jan 79 pp 177-183
[Article by V. Yu. Baranov, V. G, Niz'yev and S. V. Pigul'skiy]

[Text] A Mach-Zender interferometer is used to study
gasdynamic phenomena that lead to limitation of the pulse
recurrence frequency in periodic CO; lasers. Experiments
were done on a model facility in nitrogen, carbon dioxide
and a laser mixture,

Introduction

The output parameters of a pulse-periodic carbon dioxide laser are de-
termined first of all by the working efficiency of the electrode system

in the case of isolated .pulses, and secondly by the extent to which these
parameters are retained when the laser operates at a high pulse recurrence
frequency (prf). Quite significant advances have been made in the develop-
ment of electrode systems for pulse lasers [Ref. 1, 2]: <the specific
output energy is 20-26 J/(leatm) at an efficiency of 10-17%.

As far as pulse-periodic CO, lasers are concerned, to maintain maximum
discharge parameters in an individual pulse it is necessary to work with
& prf £<<fg=vq/by (vp is the velocity of the gas flow, bg is the width
of the working part of the electrodes along the flow) since only in this
case can arcing be avoided. For instance in Ref. 3, I this frequency
limitation is very great: f£o/f=10. The attainment of a prf close to fyg

- in Ref. 5 is not indicative since the specific output energy in this case
did not exceed 2.5 J/(l-atm).

Problems of limitation of the prf were considered in particular in Ref. 6.
Experiments were done on an electrode system with UV pre-ionization. The
authors discuss the possible mechanisms of limitation of the average power
for different energies W invested in the discharge in an individual pulse.
At a low prf the power limitation is due to contraction of the discharge
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vith an increase in the input in an individual pulse above some limiting
value Wp. Gasdynamic effects at such frequencies are insignificane.

In the other limiting case (very low energy inputs) the authors attribute
the limitation of prf to the presence of a boundary layer on.the electrodes.
At intermediate values of W, the authors of Ref. 6 are of the opinion that

- & decisive part is played by the increase in size of the heated gas plug due
to adiabatic expansion. Shock waves (SW) are mentioned in the work, but
their role in prf limitation is not explained. Direct measurements of the
degree of gas nonuniformity in the discharge region were not done in the
research. Estimates on adigbatic expansion are given for a specific
system with electrodes protruding into the flow. Calculations on boundary
layers are done approximately without consideration of tha actual trajectory
of motion of the particles in the layer; the increase in energy release at
the electrodes was not taken into consideration, and heat drift to the
electrode was estimated only with respect to order of magnitude.

Ref. T discusses the possible influence of SWs arising in the gas channel
after pulsed energy input. The limitation of the prf is associated with the
entry of gas into the discharge region that has already been heated due to
dissipation of energy on the front of SWs propagating upstream. Estimates
of this effect are not given in the article, and indirect proofs can be
interpreted in more than one way. It is shown in Ref. 8 in particular that
gas heating upstream due to dissipative processes is negligible.

In Ref. 9 a numerical solution is found for equations of one-dimensional
unsteady gasdynamics to determine the nature of establishment of a quasi-

" steady state in a space closed for perturbation with gas flow with periodic
energy release. The main conclusion of the work is: at a prf close to f
we get a quasi-steady level of values of gas temperature and density in the
working channel that differ from the undisturbed values by 10-30%. It
should be stated that numerical methods of solving this problem have not
yielded a physically clear solution. They are special in nature, and are
applicable to evaiuation of the influence of wave processes only on a
specific installation.

Our research is devoted to the study of gasdynamic phenomena that take
place in pulse-periodic lasers, and their effect on prf limitation.

General analysis of efficiency of pulse-periodic (0, lasers

The generally accepted physical parameters that characterize the efficiency
of operation of a pulsed CO; laser are the specific radiation energy output
and the laser efficiency. Since the radiation output depends on the energy
input, and this process is isochoric in laser mixtures, it would be more
accurate to refer the energy input, and hence the specific radiation energy
output to the internal energy of the gas that is in the discharge region,
this energy being equal to pgV/(y=-1), where py is the pressure of the
undisturbed gas, V is the volume of the discharge region and y is the
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adiabatic exponent. This effect becomes all the more significant since an
important part in pulse-periodic lasers is played by gasdynamic effects in
which a characteristic of intensity in isochoric energy input is the
quantity v=W/[poV/(y=-1)].

Thus by analogy with pulsed CO; lasers it is suggested that two parameters
be used for the characteristic of effectiveness of pulse~-periodic lasers:
the efficiency of the installation Ny and the ratio of average emission
power G to internal energy of the gas stream flowing through the discharge
region in 1 s. This parameter can obviously be expressed as

@=0/lpeSvy/(y—1)=wno [ WH/(Wofo)), m

vhere vo is the velocity of gas flow in the middle of the channel, S is the
cross gectional area of the flow in the discharge region, Wy is the maximum
value of invested energy in operation with isolated pulses; wo=Wo/[poV/(v-1)]. .

As can be seen from the given formula, the effectiveness of a pulse~periodic '
laser is determined first of all by the parameters wo and ny, that characterize
laser operation in isolated pulse conditions, and secondly by how much

average power the electrode system can put into the gas in operation in

the periodic mode as compared with Wyfp. Let us note that for the pulse
recurrence rate where superposition of hot gas plugs does not take place,

1. e. where the hot gas plug is totally removed from the discharge region

by the next pulse, the laser efficiency ny is close to its value for oper-
ation in the isolated pulse mode. Thus in order to increase g it 1is

essential to study the question of prf %imitation, i. e. the relation

Fly=o (W). '
Description of experimental facilities
Research was done on an installation with closed gas-pumping cycle (Fig. 1)

with especlally purc nitrogen in which the total content of impurities did
not exceed 0.001%, commercial CO; and a laser mixture of C02:Nz:He = 2:2:3,

X
s Fig. 1. Diagram of the
% experimental chamber: 1l--

anode; 2--cathode; 3--anode
):ﬁ - of auxiliary discharge; U--

N - gas channel; 5--blower

2 §
PR
L) l}
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The gas pressure in the loop was 100 mm Hg. The gas flow in the discharge
region wvas formed by a gas channel of constant cross section with flow
length of 29 em. Both ends of the channel were open, the electrode system
vas located in the center. The velocity of gas flov in the discharge
region vas b m/s, and a system with UV pre-ionization was used [Ref. 10].
The electrodes were mounted in the walls of the channel so that disturbance
of the gas flow would be minimized. The width of the working part of the
electrodes with respect to the flow was 1.1 cm, distance between them was
1.3 cm and length vas 15 em. An electric diagram of the facility is

shown in Fig. 2.

+23 kV g,

Fig. 2. Electric diagram of the Fig. 3. Diagram of interferometer

facility: Cj--working capacitance installation: 1--1G-36 laser; 2--

3.5 nF; Ca——capacitance of auxiliary collimator; 3--experimental chamber;

discharge; T--TGI1-1000/25 thyratron; L--Mach-Zander interferometer; 5--

R-~charging resistor; L--inductance lens; €--diaphragm; T-=1light filter;
8--screen with aperture; 9--FEU-29
photomultiplier; 10--81-37 oscillo-
scope

To measure gas density, space and time interference patterns were obtained

on a Mach-Zander interferometer. A Q-switched ruby laser was used for

finding the space interference patterns. Emission pulse duration was 50 ns.

In studying gasdynamic phenomena associated with periodic energy input, an L~
10-36 He-Ne laser was used (Fig. 3) as the source of emission. The laser '
output was converted by a collimator to a wide beam and sent to the input

mirror of the interferometer. The ends of the chamber on the emission path

were covered by optical glass so that the discharge gap and upstream and

downstream parts of the channel fell into the field of view. The inter-

ference pattern in the discharge region was projected onto a screen by a

lens. Light passing through an aperture 0.5 mm in diameter in the screen

vas incident on the cathode of the FEU-29 photomultiplier. With a change

of gas density in the chamber there is a shift of the interference pattern,

and the signal from the photomultiplier is registered on the S1-37 oscillo-

scope. By shifting the screen and the photomultiplier, the time change

in gas demsity could be observed at any point of the discharge gap as well

as upstream and downstream. To eliminate luminous interference from the

discharge,. a light filter was used as well as a diaphragm placed at the

focus of the lens.
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Pulse discharge in quiescent gas

\

' Fig. 4. Interference patterns
of the discharge region taken 2
(a), 8 (b), 16 (c), 30 (4) and
500 us (e) after a pulse discharge
in CO2. The size of the discharge
in the direction of photography was
25 cm. C) =10 nF.

Shown in Fig. U are interference patterns
of gasdynamic perturbations in the dis-
charge gap taken with different delay
times relative to a pulse discharge in
CO2. On the interference patterns we can
see the electrode SWs that indicate ele-
vated energy release at the electrodes.
From the rate of propagation of the elec-
trode SW we can estimate the gas tempera-
) ture in the electrode layer. According
- to estimates, at the cathode in nitrogen
it may reach 1000 K, and the gas heating
in the electrode layer in COp is still
higher,

Acoustic waves propagate to the sides of the discharge, their intemsity in
CO2 being higher than in nitrogen. Energy release as heat in commercial
C02, Just as in the laser mixture that we used, takes place more rapidly
than the propagation of gasdynamic perturbations to characteristic dis-
tances, and therefore with fair accuracy the size of the heated gas plug
after expansion can be calculated by using the formulas of the adiabatic

process:
blbym=(1+w)'l, @

vhere by and b are the dimensions of the heated gas plug before and after
expansion. For instance in our case the characteristic size of the plug
in CO; at t 2 100 ps, b=2.3 cm, and w=1.7. Then from formula (2) we get
bg=1.1 cm, vhich is in good agreement with the size of the luminescent
region in pulsed discharge.

Shown in Fig. 5 are the time dependences of change in gas density in the
center of the discharge gap in CO,, N, and the laser mixture in the absence
of flow as determined from processing of time interference patterns. The
reduction in gas density is due to expansion when heated during discharge
or as a result of relaxation of the energy stored in the vibrational levels
of molecular gases into heat. Restoration of the density to the original
value can be attributed to heat drift to the electrodes.

n
FOR OFFICIAL USE OiLY

APPROVED FOR RELEASE: 2007/02/08: CIA-RDP82-00850R000100040017-8



APPROVED FOR RELEASE: 2007/02/08: CIA-RDP82-00850R000100040017-8

FOR OFFICIAL USE ONLY

njny
(1}
a8
q

Fig. 5. Time change of gas
density in the center of the
dischaxge gap after a pnlne
discharge for Np (1), (2)
and the laser mixture (3§

T oY 0L, s

Expansion of heated gas plug in the flow

As has already been mentioned, when a pulse-periodic CO; laser uses an
electrode system that operates effectively in the pulse mode, the ex-
perimentally achieved frequency differs appreciably from fg. In our ceue
fg 5 360 Hz. The dependence of the maximum attainable prf on the energy
invested in an individual pulse as found on our setup is shown in Fig. 6.

G5 gdcui/e, g

Fig. 6. Dependence of prf on
energy invested in the dis-
‘charge in an individual pulse:
0-=C02; *=-Ny; A--laser mixture

Fig. 7. Typical oscillogram
of signal from the photomulti-
plier after an isolated pulse
in the presence of gas flow

7 v .
V70 g

It is readily seen that the prf limi-

_ tation determined from formula (2) cannot

explain the experimntal results. For
instance in CO; when C,U2/2=0.9 J,

v= 0,97 and b/byg=fy/r=1.68, 1. e,

£ =213 Hz whereas the observed frequency
£=140 Hz (see Fig. 6). However we must
also consider the fact that as the hot
gas plug is carried off it continues to
expand along the flow due to heat conduc-
tion. -

Showvn in Fig. T is a typical oscillogram
of the signal from the photomultiplier
vhere the observation point had coordinates
x=13, y=20 mm (see Fig. 1). Fixed on
the oscillogram is the passage of the

hot gas plug through the observation
point. The break in the center of the
oscillogram corresponds to minimum gas
density. Fig. 8 gives the profiles of
gas density at different instants as
determined from processing of time inter-
ference patterns. According to estimates,

Fig. 8. Density profiles in a stream of
N, (y=0) for t=0.8 (1), 1.6 (2) 2.6 (3),
3.7 (4) and 6 ms (5)
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the coefficient of diffusion in N, and €O, is about 15 em2/s, which shows
the turbulent nature of gas flow in the channel. For instance the Reynolds
number in the case of Ny is equal to Re ®voh/v = 3700, where h=1.3 cm

is the distance between the walls of the channel, v is kinematic viscosity
(for nitrogen v=0.4 cm?/s). As can be seen from Fig. 8, for the given
energy input by the beginning of the next pulse in the middle of the gas
channel the density becomes constant and equal to the undisturbed value
over the entire extent of the discharge region, i. e. the prf limitation
cannot be explained by adiabatic expansion of the heated gas plug and
turbulent heat conduction along the flow.

Boundary layers

When gas flows near a wall, a boundary layer is formed in which the gas
velocity varies from zero at the wall to the maximum at the surface of the
layer. The rate of renewal of the mixture in the electrode layer was
observed to be lower than in the center of the discharge gap in our experi-
ments also (Fig. 9). The gas velocity at a distance of 1 mm from the
electrode is approximately 2/3 of the

njny flow velocity in the center of the
discharge region. Measurements were
9 made of gas density at a point with
g8 coordinates x=7 mm, y=5 mm, These
measurements showed that at the limiting
a7 frequency of f =140 Hz, by the time of the
5 , , . L next pulse the gas density at the given
4 0 1 2 5 %%, ms point is 4% lower than the gas density

in the center of the discharge gap. Such
Fig. 9. Time change of density inhomogeneity of the gas density with
in the center of the discharge respect to the width of the electrode may
region (1) and at the electrode 1lead to arcing since it is known that
(2) (x=0, y=5 m) for N, -an electrode system with UV pre-ionization
' must be carefully made for stable ops~ation
with special shaping of the electrodes to eliminate edge effects.and also
requires careful adjustment.

Estimates were made of the influence of inefficient renewal of .the mixture

in boundary layers [Ref. 11]. As the computational rate of gas exchange

the authors took the velocity of a particle moving in the layer in a
trajectory such that the time of its convective removal and the characteristic
time of heat drift to the electrode are equal. The approximate formula for
the case where the laminar layer is formed at distance "a" from the centers
of the electrodes when a»b takes the form

Fof=1.96 (blba)(alt)'h, @

where b is the dimension of the heated gas region established after equalizing
of the pressure in the discharge region and that defined by formula (2).
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Analogous caloulations for a turbtulent layer give the following expression:

where Rey is the Reynolds number when the distance "a" is taken as the
linear dimension. )

An estimate by formula (4) for C,U2/2=0.9 J, a=1k.5 cm gives fy/f=2.3,
1. e. £=156 Hz with experimentally attainable frequency of £=140 Hz. In
more exact calculation it is necessary to solve an unsteady two-dimensional
problem with consideration of increased energy release at the electrodes
and heat conduction with respect to the flow, since comparatively small
inhomogeneities of gas density may lead to arcing.

njny
09

Fig. 10 illustrates what we have

sald. It gives the profiles of gas
density distribution along the y-axis
for x=T7 mm at different times. The
shape of the profile when t =0.5 ms
can be sttributed to increased
electrode heating of the gas. By time

a7

5—6-—2—0 t=1 ms the center of the heated gas
osL o o o . plug is in the investigated cross
0 2 4 YhuM section of the channel. At later
- times in the electrode region the
Fig. 10. Density profiles of gas is effectively cooled by heat
the laser mixture across the drift to the electrode, and in the
flow at times t =0.5 (1), center of the discharge gap the hot
1.2 (2), 3.0 (3), 3.8 (4) and gas plug is carried away by the flow

6 ms (5). Isolated pulses, x=7 mm. at velocity vo. Quite clear on Fig.
10 is the region where the recovery
of gas density takes place at the minimum velocity.

In addition to the effects described above, acoustic waves arise in pulse-
periodic energy input. As we will show in the second part of the article,
under the conditions of our setup, density inhomogeneities associated with
= such waves are at least an order of magnitude less than those that arise
in boundary layers. This is also emphasized by the fact that at a high prf
a in energy stressed modes the arc appears downstream on the electrode, which
agrees with the date of Ref. 12. The inhomogeneities in gas density that
arise in the discharge gap lead to inhomogeneities of the parameter E/n (E is
equal to the ratio of the applied voltage to the distance between electrodes
h). Thus under the conditions of our setup the density gradients in the
boundary layers are responsible for the prf limitation.
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PHYSICS

UDC 621.373.8.029.71

GASDYNAMIC PERTURBATIONS OF THE FLOW IN PULSE-PERIODIC CO, LASERS. II.
ACOUSTIC WAVES

Moscow KVANTOVAYA ELEKTRONIKA in Russian Vol 6, No 1, Jan T9 pp 184-188

[Article by V. Yu. Baranov, B. Ya. Lyubimov, V. G. Niz'yev and 8. V.
Pigul 'skiy] :

(Text] The gas channel of a pulse-periodic CO; laser is
considered as an acoustic resonator. Experimental and
theoretical studies are done on acoustiec oscillations in
such a resonator, and on the influence that they have on
limitation of pulse recurrence frequency. The results
of numerical calculation are compared with experimental
data. )

Pulsed energy input to gas is accompanied by the arisal of acoustic waves.
With sufficiently large energy inputs into a discharge, these waves may
take on the nature of weak shock waves (SW) that propagate upstream and
downstream from the discharge gap and are reflected from the ends of the
gas channel. The authors of Ref. 1 relate the limitation of pulse recur-
rence frequency (prf) with heating of gas upstream and downstream due to
energy dissipation on the SW front. However, the work does not give the
corresponding estimates and experimental data. As shown in Ref. 2, gas
heating due to SW dissipation is quite minor as a consequence of the fact
that the SWs that arise are weak for typical energy inputs in laser systems.

On the facility described in the first part of this article we measured
the gas temperature by thermocouples in the flow above the discharge
region. Heating of the gas entering the discharge region was about 10 K
at a flowrate of b m/s, specific energy input of 360 J/(Z.atm) and pulse
recurrence frequency of 120 Hz. Inhomogeneities of gas density on the
vidth of the electrodes amounted to about 0.3%.

On the other hand, consideration should be taken of the fact that the gas
channel of a laser 1s an acoustic resonator subjected to .periodic external
action. In our experiments, the channel forming the gas flow took the form
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of a uniform acoustic open-ended cavity 29 em long with the electrodes
located in the center. Such a resonator has a spectrum of natural. fre~
quencies vy =mc/(2L), where c is the speed of sound, L is the length of
the cavity, m=1, 2, 3,... With consideration of the fact that the dis-
charge acting as the source of perturbations takes place in the middle of
the cavity, it can be concluded from general considerations that no osecil-
lations corresponding to even m will be excited.

. Besides, in our setup fg <v) (fg=v/by, v is the flow velocity, by is the
vidth of the working part of the electrodes), which in further analysis
allows us to restrict ourselves to consideration of oscillation v;, since
the effectiveness of excitation of oscillations of higher order is con-
siderably lower. Oscillation v; can also be excited with operation in the
isolated pulse mode since frequencies that coincide with' V] or are multiples
of it may be present in the Fourier expansion of the space-time function of
energy input. The effectiveness of excitation of a standing wave, and
consequently its amplitude are low in this case. The standing wave demps
out in time as a consequence of dissipation of its energy on the ends.

Shown in Fig. la is an oscillogram that
' corresponds to the compression wave
arriving at the point of observation
after discharge in nitrogen. Subse-
quently waves of expansion and compres-
sion reflected from the ends arrive in
the discharge region (Fig. 1b).

With periodic energy input, resonant
excitation of oscillation v; is possible
in the case where vi/f=N (N is an integer).
This case corresponds to the arrival of a
compression wave in the discharge region.
- The amplitude of oscillation vj will be
}I£| the greater, the closer N is to unity

' (Fig. 2). When vi/f=N+J, the effec-

Fig. 1. Oscillograms of the " gnfryy %o

vaves of compression (a) and +

expension (b) that errive in 3

the discharge region after

pulsed energy input ? R

tiveness of excitation of Fig. 2. Amplitude of a standing wave in
standing waves is minimum. nitrogen as a function of N

This can be clearly seen in

Fig. 3. When the pulse recurrence frequency is such that the next pulse
corresponds to arrival of an expansion wave in the discharge region, no
oscillations of gas density are observed in the discharge gap during the
time between pulses. On the other hand if the next pulse arrives at the
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instant when a compression wave is in the dis-
charge gap, a standing wave will also be
effectively excited, and oscillations of the

a gas density will be observed in the discharge
gap. The damping of standing waves with time ,
is illustrated vy Fig. b. .
b
¢ <lnfdnfn)
- Fig. 4. Damping of
c 45 a standing wave
with time
40
5 1 1 i A
‘32 4 6 8 t,ms
Fig. 3. Oscillograms of Theoretical model

signals from the photo-
multiplier for cases where
the next pulse occurs at
the imstant of arrival of
the 5-th (a) and L-th (b)
expansion waves, and also
the 4—th compression wave
(c) in the discharge gap
in COz

Small longitudinal oscillations of the gas in

vhe absence of an electric discharge in the -
chamber are described in the linea.r approximation

by the system of equations

L) dv 1o
“oF + U g ™ ", 9% !

3’,’+vo—£-+po—=0

PoTo( 5 T+ % a,,) =Q 0

where v, p, p, S are the perturbed values of velocity, density, pressure
and entropy of the flow, vy, pg, Tp are corresponding undisturbed values.
The quantity Q denotes the power invested per unit of gas volume. By

introducing the velocity potential v =23¢/3x, system (1) can be reduced to
a single equation

i)
(0‘ +u° ag)o-_ ’ a;i Pﬁ'o ’ (2)

vwhere ¢ is the speed of sound in the gas, cv=l/(y-l), Y is the adiabatic
exponent. -

The influence of the open ends of the cavity reduces to two effects: some
reduction of natural frequencies, which can be accounted for by a slight
increase in the length of the cavity by an amount of the order of h (the
height of the channel), and emission from the open end of the waveguide.

Before going on to analysis of the spectrum of vibrations in the channel,

we derive a system of eigenfunctions for the free vibrations in an acoustic

resonator with flow, Equation of potential (2) must be solved for Q=0 with

boundary condition p=0 when x=0, L, whichwhenvy#0 takes the form -
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o0 oD
kO AL
Assuming that the eigenfunctions are proportional to'e'i‘“t, ve f£ind (Mmvy/c)
0 =(R1/L)(1—M?) me2ntvon(1—M9),

1. e. the natural frequencies of the cavity are somewhat lower than in the
case of a quiescent gas.

Let us now consider impact excitation of the cavity, disregarding gas flow
(in our case M210~2). Let us find the Green's function for concentrated

- perlodic excitation with more general boundary conditions that include both
radiation and reactive effects on the free end. In the spectral repre-
sentation we introduce the boundary conditions: at xm0 (la®-ce)(@d/dx)=0;
at x=L ({od—ca)(0d/dx) =0, ‘ '

In the general case a=a(w). It can be readily seen that for a traveling
wave the coefficlent of reflection from the end for such boundary con-
ditions takes the form z(w)=(a-1)/(a+1).

When a=1, the acoustic impedance z vanishes, which corresponds to total
emanation of vibrations from the volume, and the absence of reflected waves.
The next characteristic case: a=0, which corresponds to z=-1, i, e. total
reflection from the open end takes place. When a®»l, z=1 (typical of the
closed end). We can make certain that the natural oscillations have real
frequencies and do not damp out if |z| =1, and the influence of the ends
reduces to phase shifts and a change in the spectrum of oscillations. In
the general case the natural oscillations are found from the condition
22 exp (-2iuL/c) =1. By using z = z(w) we can study an extensive class of
models while remaining within the framework of the linear approximation,
in particular we can describe the change in pulse shape with reflection
-from the end, and use a model to account for the process of nonlinear change
) in the wave as it propagates in the channel. Formally, z(w) is the Fourier
- transform of the signal reflected from the boundary if the incident signal
took the form of a §-function.

Among the spécifie one-parameter models of z(w), mention should be made of
the model

2w)=—1/(1+iw/wy). ®

This impedance has all the necessary properties: at low frequencies z(0) =21,
at high frequencies reflection is low since z(w) ~-1/w. By using (3), we

can find that with the n-th reflection of a §-shaped pulse we get a signal
(wpt )n=le=w0t /ny

The Green's function -- response to che instantaneous sction at a point --
is most simply constructed on the basis of a quantitative examination of
the receiver and source, which are located in the center of the channel

at an equal distance from the open ends. After an instantaneous discharge
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has taken place, the pressure distribution in the channel can be described
by a §-function with amplitude Qg. In accordance with the particulars of
acoustic analysis, the signal is split into two signals with half amplitude
moving at the speed of sound toward opposite ends of the channel. In the
Fourier representation, these signals have the shape of z. After reflection
and return to the point of observation as a result of repeated passages

the Fourier transform of the signal at the observation point acquires

the form

2 exp(—ioLlc) +z’exp(—2mL)c)+z’exp(—-3lmL/c)+....
The sum of this series is zexp (—ioL/c)/(1—zexp(—iwL/c)).

Carrying out Fourier transformation, we find

2 () exp (= iol/c)
p(f)=Q 3 T=r@ep(=1eL7

exp (fof) do.

This expression describes time changes of pressure in the center of the
channel. The original signal is lacking in this formula: it can be
readily accounted for by eddition to p(t).

With periodic action of short pulses repeating in time T, the pressure by
instant t <t, 1. e. before the moment of arrival of the next pulse, is

defined as
(o) exp (~ iwl/c) ___exp(iof)
p(1=Q, | T e T e 4o “

This formula enables us to analyze both resonant effects and effects of
accumulation in the case of steady-state periodic action. If it is necessary
to know the cumulative effects by the time of arrival of the next pulse, then
in (4) we must set t =0 or t =1, which is equivalent in virtue of the
periodicity >f the phenomenon. To account for the velocity of the flow,

it is sufficient to substitute (L/c){1l -M2)-1 for L/c in the exponential
functions. Integral (i) is easy to calculate by writing it as a series

in terms of the residues at the poles of the integrand. The results of
calculation at time t =t are shown in Fig. 5. The calculated curve agrees
qualitatively with experimental results.

Conclusions

Thus in the case of pulse-periodic energy input, depending on the prf,
oscillations of gas density may be present or absent in the discharge gap,
vhich is due to excitation of a standing wave in the acoustic resonator,

or the absence of such a wave. However, the amplitude of the oscillations

of gas density at the crest of the standing wave does not exceed 4% (see

Fig. 2), which creates inhomogeneities of gas density of no more than 0.25%
on the width of the electrode. Such inhomogeneities cannot lead to limitation
of the prf. Therefore, as has already been stated in the first part of the
article, the authors attribute prf limitation to inefficient renewal of the
mixture in the electrode layers.
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Fig. . Dependence of pressure in the discharge region on prf as calcu-
lated from formula (4) at t =<

However, if the natural frequency of the acoustic resonator in the pulse-
periodic mode falls within the working range of the prf, or if N is equal
to a small integer, the amplitude of the stimulated standing wave may be
great, and the inhomogeneities of gas density thus set up may lead to
arcing. This should be taken into consideration when designing the gas
channel of a pulse-periodic CO; laser. -
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PHYSICS

UDC 621.378.33
OPTIMIZING A 10 kW CLOSED-CYCLE CO, PROCESS LASER
Moscow KVANTOVAYA ELEKTRONIKA in Russian Vol 6, No 1; Jan 79 pp 204-209

[Article by G. Abil'siitov, L. I. Antonova, A. V. Artamonov, V. S. Golubev,
8. V. Drobyazko, Yu. A. Yegorov, N. I. Natsuro, A. V. Kazhidub, F. V. Lebedev,
Yu. M. Senatorov, Ye. M. Sidorenko, V. V. Sumerin, V. B. Turundayevekiy and
V. M. Frolov]

[Text] A report on optimization of the electro-optical
system, the composition and degree of renewal of the working
mixture of a closed-cycle CO; process laser, resulting in
an increase in output power of the facility to 10 kW with
overall efficiency of the order of 8%.

1. An earlier paper [Ref. 1] told of the development of a steady-state
fast-flow closed-cycle COy process laser with emission power of 6 kW in
which a self-maintained transverse DC discharge was used for excitation of
the active medium, and emission was stimulated in a single-pass unstable
cavity located in direct proximity to the discharge chamber. As pointed out
in Ref. 1, such an electro-optical arrangement has fairly low efficiency
since the length of the discharge chamber, which is limited because of
relaxation processes, does not permit attainment of high specific (per unit
of mass) energy inputs Wg, and the concomitant low gain of the medium in the
cavity for the actually realizable transparency of the latter (20-30%) does
not permit efficient transformation of the stored vibrational energy of
molecules into emission.

_'This flaw can be almost totally eliminated by using an electro-optical laser
arrangement with a combined multiple-pass cavity [Ref. 2]. In the first
place, this obviates the limitations imposed by collisional relaxation,
and the necessary values of Wg can be realized by increasing the length of
the chamber; in the second place, with an increase in the number of passes
there is an increase in the optical length of the cavity, enabling operation
with greater transparency of the optical system. Naturally a large number
of passes in the cavity leads to an increase in the number of elements in
the optical arrangement, increases the energy losses on the mirrors and
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imposes higher requirements on the econstruction of adjustment members.
According to preliminary estimates, use of a combined cavity arrangement
could increase electro-optical efficiency Neo (the fraction of energy supplied
to the positive discharge column that is converted to emission) by a factor
Of l-s-aa .

This paper gives the results of experimental studies done on a fast-flow
closed-cycle gas-discharge laser (FGL) with a combined multiple-pass electro-
optical system and increased electrode spacing to optimize working conditions
and check out the feasibility of increasing Nao+ In addition, this paper
glves the results of chemical analyses of the working mixture and discusses
prcolems common to process lasers: the necessary rate of renewal of the
mixture and the way that this rate depends on the composition of the

worlting gas.

2. The investigated laser was designed around the gasdynamic channel of the
process laser described in Ref. 1, differing only in the geometry and design
of the electro-optical module. The flow length of the discharge zone was
350 mm, and the width along the optical axis was 1300 mn, the distance
between the cathode plate and the anode being 60 mm. The anode was a solid
water-cooled stainless steel plate. The cathode plate was made up of copper
cathode elements [Ref. 3]. A ballast resistor was connected in the electric
circuit of each cathode with value increasing toward the end of the dis-
charge chamber, reaching 20 kQ. To ensure discharge ignition and improve
discharge stability [Ref. 4] a preionizer was installed at the inlet to

the discharge chamber fed by DC voltage from a separate source and enabling
a considerable increase (up to 30%) of the maximum current in the discharge
chamber,

i A Sl

1 ) 34 J‘
5 4

7 B

AY o

.2

Fig. 1. Optical system of the laser: 3;-3,--cavity mirrors; l--calorimeter;
2--chart recorder; 3--flow-through power sensor; l--single-crystal KCl
window; 5--discharge chamber housing; 6--pumping zone; T--inflow of working
mixture; 8--photoresistor; 9, 11, 1i~-amplifiers; 10--synchronous detector;
12--modulator; l3--test laser

The optical arrangement of the laser is given in Fig. 1. The system is made
up of six cooled mirrors and includes an unstable confocal four-pass cavity
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vith rated transparency of 75% and a single-pass amplifier. The use of
mirrors 120 mm in diameter and extraction of emission by using a rotating
flat mirror with central rectangular coupling aperture (25xU45 mm) fills
most of the discharge zone with radiation. Emission is coupled out of the
facility through a single-crystal KCl window.

Measurements were made of the electric parameters of the discharge, the
gasdynamic parameters of the loop, the gain of the active medium on the
axis of the cavity and at the output from the discharge chamber, the param-
eters of emission and the composition of the gas mixture. The electric and
gasdynamic parameters were measured by conventional methods. The gain Ko was
measured in the arrangement shown in Fig. 1 by a technique involving the
transmission of a test laser signal through the active medium. The emission
- power of the laser was determined by a special quick-reaponse flow-through
sensor, end also calorimetrically.

Gas chromatography was used to analyze the gas mixture for components of
€02, CO, 02, N2 and H;. The amount of water vapor was determined from the
dew point and the partial pressure of atmospheric air in the loop with
measurement of the humidity of the air. The total concentration of nitrogen
oxides (NO +NO;) was determined by titration. The €02 concentration was
also continuously measured by an OA-2209 gas analyzer. The initial N and
alr concentrations were determined from the corresponding partial pressures.

3a. When a working mixture of Np +air +CO; was used the installation worked
in the steady state with the following volumetric concentration of com-
ponents: Xy, =0-0.8, Xair=0.2-0.95, Xco, =0-0.05. The static pressure at
the inlet to the discharge chamber was mainta.ined at 25 mm Hg. The degree
of renewal y (ratio of the rate of evacuation of the loop to the flowrate
of gas through the discharge chamber) remained conatant at 0.4%.

The maximum electric power released in the positive discharge column in the
absence of lasing was Wp=70 kW. In the presence of lasing it dropped by
10-15%. The volumetric energy input JE increased downstream by 50%, and
its average value with respect to the volume of the discharge chamber 4did
not exceed 2.5 W/cc.

The gas flowrate through the discharge chamber at maximum values of W, was
g=260 g/s, and values of Wg reached about 240 J/g. The gas velocity with
passage through the discharge zone increased due to heating from 90 to 150 m/s
and its temperature rose from 290 to 420 K.

The time of continuous laser operation at a given power level was at least
1 hour. The time change in lasing power after the elements of the optical
system had reached thermal conditions was no more than 1 kW. The luminous
flux was coupled out of the facility in the form of a rectangular frame
uniformly filled with radiation. The beam divergence and J.ts spectral
makeup were not studied in this research. -
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Maximulh output emission power W was reached at maximum values of Wg, and
amounted to (10 £1) kW, which curresponds to a specific luminous energy
output’ of w=35-40 J/g, and an electro-optical efficiency neo =15%. The
overall efficiency n of the laser (without consideration of energy expen-
ditures on circulation and losses in the power supply) was 8%.

A comparison of the given laser characteristics with those found under
anaelogous gasdynamic conditions in the case of a spaced electro-optical
arrangement [Ref. 1] (where <jE>=5 W/em2, W, =150 J/g, W=6 kW, neo =8%,
n=5%, w=12 J/g) shows that increasing the fnterelectrode gap and combining
the discharge and cavity zohes, despite a reduction in <JE>, increased W
- by a factor of 1.5, doubled ng, and raised the emission output per unit of
gas by a factor of 3-4, The output emission of such a laser is more uniformly
distributed, and the emission power density at the output aperture (~300
W/cm?) is two-thirds of the corresponding value (500 W/em?) for a laser with
a spaced system. All this is a good recommendation for the use of a combined
electro-optical system in making €O, process lasers with power level of 10 kW.

[
00
al 32 A _
> W, kW Neos #
g, 74 . - . .
V e ' J‘[ a8 ¢ 5 .
13 g .
e . st i
y/ s s
e T
01'_ R Q’ ] '] ] i,xul bdd &
. i S : § WkW ) 0
) [T [ 4 50 Wy, kW
Fig. 2. Relations for the mean Fig. 3. Output power (1) and
value of weak-signal gain on the electro~optical efficiency of
- optical axls of the cavity as a the laser (2) as related to the
function of the concentration of invested electric power

water (1), carbon dioxide (2)
and invested electric power (3)

3b. Typical results of optimization of the average value of Eo along the
optical axis of the cavity with respect to concentrations of water and
carbon dioxide are shown in Fig. 2. The optimum concentration of CO; in the
mixture that ensures a value of Kg=0.4 m~! (without noticesble impairment
of Wo) was 5%, and the optimum value of XH,0 1is related to Xgo, by the

= -2
expression (Xg,0)opt = (3-5) 10 Xco,+

Typical curves for emission power W, Neo and fo as functions of Wy at the )
optimum values of Xpy, and Xy, are shown in Fig. 2 and 3. The nearly
linear behavior of W?&o) and the rise in neo(Wy) show the advisability of
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further increasing the energe investment

Ao L in the discharge, and allow us to hope
g, l; for some improvement in ngg when Wy
, is increased. :
[T 45
The effectiveness of the optical
['}4 ] arrangement used can be judged from
i i the relations given in Fig. U for
q (¢4 the gain of the medium Ky at the output
: of the discharge chamber as a function
0 ‘wo', kW of the power investment with and

yithout lasing. When stimulated
Fig. 4. Gain at the output of .the emission begins, Ky drops to values

close to the threshold levels, and
g:;:g::gzycgﬁgi &Eﬁ}x:?g)c?gty decreases with increasing power in-

vestment. An estimate shows that no
ﬁ)ﬁ;ﬁgté"i’:ﬁoﬁ: %g‘)’eizggn?"er Vith ) ess than 308 of the vibrational

energy stored in the discharge zone
is coupled out of the cavity, which is in good agreement with the energy
balance defect found on the basis of measurement of the translational tem-
perature of gas at the output of the discharge cavity and the total energy
input to the discharge cavity. This energy transfer is in all probebility
due to the nonoptimum transparency of the cavity.

3c. According to studies of the chemical composition of the mixture in
steady-state operation for an initial mixture of COy:Njp:air=1:9:10, the
loop contains less than 10~2% hydrogen, ~10-3% nitrogen oxides, ~10% oxygen,
~5% COz, and the steady degree of dissoclation of C0; a =Xgo/(Xco +Xco,) in
optimum conditions is ~T%. Such concentrations of nitrogen oxides and hydrc-
gen do not have any appreciable effect on the balance of the major gas com-
ponents or relaxation processes. To explain the observed values of a, its
value was theoretically calculated for typical experimental conditions with
consideration of partial renewal of the mixture. The presence of water
vapor reduces the steady degree of dissociation of carbon dioxide; however,
the catalytic effect of Hz0 at an initial concentration of 02 ~10% is slight.
Estimates show that the ratio of reaction rates CO+0 +M~+ COz +M and

CO +OH+COz +Hy is equal to 60, and therefore only the following processes
were considered in calculations:

COp+e+CO+0+e, ky =7.2-10711 cm3/s [Ref. 5];
Og+e+0+0+e, k2 =6°10"11 em3/s [Ref. 6];

CO+0+M+COp +M, k3=9.6+10-35 cmb/s [Ref. T];
0+0+M~+0p +M, ky =1.110-33 cmf/s [Retf. .8].

The value a = 5% calculated for Xp, =0.1 and v=0.4% agrees quite satisfac-
torily with experiment. We shoulé note the weak dependence of a(y) when
oxygen is present in the working mixture. According to calculations, a
change of y from 0.4 to 0.1% increases a from 5 to only 7.5%, and without .
renewal (y=0), a=10%. The calculated values of o increase considerably
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_ when there is no oxygen in the initial mixtures. For instance for a typical
laser mixture Ny:He:CO2 =1:1:0.1 when y=0.3% a ~20% and drops considerably
with an increase in the renewal rate. These estimates explain the high
values of o ~24% observed at values of y ~0.3% ‘in the case of oxygen-free
helium laser mixtures [Ref. 10], and show that the use of atmospheric air in
a laser mixture not only e;imina.tes the dependence on costly helium, but
reduces requirements for the rate of renewal of the mixture, improving the
economy of the process laser.

On the other hand, oxygen plays a negative role in the plasma of the COy
laser [Ref. 9], and therefore the problem of the optimum amount of oxygen
in a closed loop must be studied in more detail.

3d. According to our experiments, the value of Ko after energizing the
discharge falls within 2-3 minutes to a level of 85-90% of the initial
value, and then changes only slightly. The degree of dissociation of (007}
also behaves in a similar way: the value of o rises to a steady value
within 2-3 minutes. The time required for a to reach a steady level corre-
sponds to the rates of the mentioned reactions 'and the degree of renewal of
the mixture. The time correlation of Ky and a suggests that the mechanism
responsible for the drop in Ko is dissociation of CO;, which leads to a
reduction in the concentration of CO, and appearance of CO and 02; however,
the observed decrease in Ky exceeds the amount that one should expect on the
basis of the measured change in CO; concentration alone.

L, The results given in this work graphically show the advantages of a
combined electro-optical arrangement in a €O, process laser, and demonstrate
the high effectiveness of using such an arrangement in closed-cycle lasers
with emission power level of the order of 10 kW. It should be noted that
there are data in the literature on attainment of a power of 10-20 kW with
an efficiency of the order of 15-20% vhen multiple-pass amplification
arrangements are used (9-17 passes) [Ref. 2, 11, 12]. However, all these
results have been obtained on helium mixtures and with the use of more
complicated (from the technicel standpoint) excitation methods.

Our experiments have shown that the chemical processes taking place in a
laser may have an appreciable effect on altering its characteristiecs.
In particular, the dissocigtion of CO2 leads to a reduction of gain.

The use of an Np-air-CO; working mixture with optimum amounts of (0, and Hy0
can eliminate the use of costly and scarce hleium in process laser facilities
and reduce the required degree of renewal, and hence the expenditure of

all gas components used.

. The proposed leser has high output emission power {about 10 kW) and effi-
ciency (about 8%) with smell overall dimensions (2x2x2 m without the
systems for supply and renewal of the medium), does not require helium for

operation, and mey find extensive application in scientific research and
production.
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uDne 62_1.'37:536.1;

CONCERNING THE BEHAVIOR OF METAL ABSORPTIVITY WITH EXPOSURE TO LASER
RADIATION '

Moscow KVANTOVAYA ELEKTRONIKA in Russian Vol 6, No 1, Jan 79 pp é10-2l'{

[Article by A. I. Korotchenko, A. A. Samokhin and A. B. Uspenskiy, Physics
Institute imeni P. N. Lebedev, Moscow]

[Text] To calculate the temperature of an irradiated
surface T(t), experimental data are used on the behavior
of absorptivity A(t) of a copper target during the action
of a laser monopulse. From the functions A(t) and T(t)
the authors determine the temperature dependence of ab-
sorptivity A(T) in the range of 300-6000 K for emission
with wavelength of 1.06 ym. The possibilities and limi-
tations of this kind of method of determining A(T) are
discussed.

Under normal conditions the reflectivity R of meny metals is close to

unity. When intense optical radiation acts on the metal, the temperature
of the irradiated surface increases, which is usually accompanied by a
reduction of R. BSince the relative change in absorptivity A=1-R may be
considerable in this case, the given effect must be taken into consideration
in analysis of the interaction of intense radiation with metals [Ref. 1-3].

The reflectivity of metals under the action of laser radiation has ‘been
experimentally studied in many papers (see Ref. 1-7 and the references
cited there); however, very little is known as yet on the behavior of

. reflectivity in the high-temperature region. Usually in experiments the

time change of absorptivity A(t) is measured, and the temperature Ty of the
exposed surface remains unknown. In this research, the experimental curve
for A(t) from Ref. 5 is used to calculate the surface temperature of a copper
target, and the resultant function A(T) is analyzed. In addition, an
examination is made of the behavior of optical parameters in the case of
atransition of metal-dlelectric type where the action of intense radiation
on the metal may lead to an increase in reflectivity.
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In Ref. 5, measurements were made of the relation A(t) when a copper target
was exposed to a laser monopulse (A=1.06 um) with peak intensity of

I, =320 W/cm? and duration of 60 ns at half power. The behavior of absorp-
tgvity A(t) is shown on Fig. 1 (1). 1In the interval t, <t<ts, A(t) in-
creases to Ap=0.37, and remains on this level until t =tj3, after which a
rapid drop is observed in A(t). As
was noted earlier in Ref. 8, the
estimate of the surface temperature
given in Ref. 5 (1573 K at t =t;) is
very understated, and therefore the
conclusion of Ref. 5 on lack of
agreement between the observed be-

i

i havior of A(t) and calculations by
the Drude model [Ref. 9] needs more
[} analysis. :
o Lﬂ In the investigated range of inten-
4 0 % 4, ns sities the maximum value of T may

exceed the normal boiling point Ty

Fig. 1. Time behavior of absorp- (2860 K for copper [Ref. 10]), 1. e.

tivity (1), incident intensity (2) the role of vaporization in the energy
and surface temperature at x =g balancé of interaction of the radiation

(3) and x =y; (L) with the target is not small, generally
speaking. We will describe the dynamics
of heating and vaporization of the irradiated target within the framework of
a one-dimensional equation of heat conduction in a reglon with a moving
boundary coincident with the vaporization front. The corresponding boundary
value problem takes the form . ‘

aT aT d ar :
oG- o) (3 )=0
%L mqu— AL T (b, 00)=T(0,%) =T (0), m
7 vhere ¢ and q are the specific heat and the heat of vaporization of a unit
! of volume of the target substance respectively, k =xc is the coefficient of

heat conduction. The velocity of motion of the vaporization front v is
determined by the formula

v=(py/p)(M/27kT )% p,=pyexp [13,5(1—T /T o) 1. @

The relation pH(To) for saturated vapor pressure as a function of surface
temperature that is used in (2) agrees with the estimated values of
critical parameters for copper (pey =7500 bars, Top =8400 K [Ref. 11]).

As can be seen from (2), the boundary value problem (1), (2) is nonlinear
even at fixed values of the thermophysical parameters, and it can be solved
only by numerical methods. In accounting for melting, equations (1), (2)
must be supplemented by the relations on the solid [TB]-liquid [%] phase
boundary x=x;:
2T . —( ' oT ‘
o, U1+ ) gy +x il T@)=Ty, @
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where q) and T; are the latent heat and melting point respectively, v; is

the velocity of motion of the melting front relative to the vaporization -
front x=0,

The nonlinear boundary value problem (1)-(3) was numerically solved on the
BESM-6 computer using an implicit four-point finite-difference scheme. The
absorptivity A(t) in accordance with Ref. 5 was approximated by a plecewise-
linear function {curve 1, Fig. 1) with initisl value Ag =0.03. The intensity
of the incident radiation was assigned in the form of an asymptotic gaussian
curve I(t)=Iyexp (-t2/t2) with =31 ns when t <0 and t =41 ns when t >0
(curve 2, Fig. 1). The following values were used for the thermophysical
parameters of copper: q=23.4, q; =428 J/cm®, T, =1356 K, q/eTy = 3.5,

p=8.9 g/cm3, M=1.07+10"22 g, In the general case the thermal diffusivity x
was not considered constant.

_ Let us first consider the dynamics of heating of a target with constant
thermal diffusivity x=xp=1 cmz/s and zero heat of fusion. The bshavior ,
of the dimensionless surface temperature u="Ty/Tx for such a case is shown
in Fig. 1 (2). The calculated function u(t) together with A(t) defines the
temperature dependence of the coefficient of absorption A(u) in parametric
form shown in Fig. 2 (1). This dependence is quite sharp. For slight

A
~ T e —

a5}

gt

[ 12
g1 o15 qz.

_ aq 45 10 ¥

Fig. 2. Temperature dependence of absorptivity at x=xo (1), x=x3 (2),
and also from data of Ref. 9 (black circles), Ref. 12 (white circles) and
Ref. 14 (black squares).

excesses of u over the initial value up=0.1 the rate of change of the
coefficient of absorption with temperature reaches a value of dA/du = 3.
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On the average in the interval u<u) =T;/Tk this rate is equal to AA/Au=0.L.
Such behavior of A(u) agrees basically with the results of calculations in
the Drude model [Ref. 9] (see Fig. 2).

However, experimental studies of the optical characteristics of copper at
temperatures considerably below Tg [Ref. 12, 13] do not show & similar
sharp change in the coefficient of absorption. In Ref. 12, measurements
were made of the real n and imaginary k parts of the complex index of re-
fraction of copper for T=TT, 293 and 423 K and different light quantum
energlies. The values.of dA/du calculated from the results of Ref. 12 in
the interval of 293-423 K are respectively 0.16 and 0.13 at hw=1.14 and
1.76 eV. The temperature dependence of the coefficient of sbsorption of
copper given in Ref. 13 on the frequency of the He-Ne laser yields dA/du=~0.2.
These values of dA/du differ appreciably from the results of caleulation by
the Drude model [Ref. 9] in this temperature range. - .

In the Drude theory the complex permittivity

T | — m",_( —i % .
st l- o2 (105 @
depends on the frequency of the electromagnetic field w and two "material
constants" -- the collision rate w, and the plasma frequency wp. If the
real behavior of e(w) differs from dispersion formula (k) with constant
values of w, and wy, then in a strict sense the description of such a
situation tre.nscengs the limits of the Drude theory. Nonetheless, formula
(4) is often suggested for use in just such situations, assuming for instance
that w, depends on the frequency w of the external field. A reduction in wge
may weaken the temperature dependence of the coefficient of absorption;
however, there is no adequate Justification for using the static value of W
in formula (4) on optical frequencies, as is suggested in Ref. 13.

In Ref. 9 the temperature dependence of opi:ical characteristics of copper.
vas determined by formula (4) in which w, was teken as constant, and the
collision frequency we was given by the expression ' ) .

) o "
o (=G s (M= [ o= O

vwhere 6 18 the Debye temperature. Without going imto any detail on the
question of applicability of such a model to the case under consideration,
let us note that the values of the parameters we (300 K)=2.49:10!* s-! and
=1.03°10!% g~1 for copper in Ref. 9 differ apprecisbly from the values
" we=1.7+101* s-1 and wy=1.2-10!¢ 5~! implied by formula (4) and the results
of Ref. 12 for hw=1.14 eV and T=293 K., Besides, the relative rate of
change in collision frequency 4 1ln wc/d InT=0.T obtained from the data of
Ref. 12 is considerably less than the corresponding value from Ref. 9.

The behavior of the coefficient of absorption /{u) on the initial temperature

section found in our cealculations is shown in Fig. 2 in the inset where the
scale along the u-axis is stretched out. Also shuwn in the figure are the
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results of Ref. 12 for hw=1.1k eV. The strictly zero value of dA/du in
the region u50.124 and the subsequent bresk in the curve for A(u) are due
to the piecewise-linear approximation of the function A(t), which is an
admitted simplification. Nevertheless, this kind of behavior of A{u) is a
qualitetive indication of the considerable change in the quantity dA/du on
the inftial heating stage. With consideration of this circumstance it can
be assumed that the problem of discrepancy with data of Ref. 12 will be
explained with more detailed measurement of the relation A(t) in laser
experiments.

A rapid increase in the coefficient of absorption when a copp:zs target i
exposed to millisecond laser pulses with wavelength of A =0.69 um and
intensity I<0.1 MW/cm? is also reported in the recent research of Ref. 1l
(see Fig. 2). However, this paper does not give the relation of the coef-
ficient of aebscrption A(t) from which the curve for A(u) was reconstructed,
and there are no indications of any peculiarities in the initial heating

- stage. The knee of the curve for A(u) in the vicinity of uxu; is at-
tributed in Ref. 1U to the possibility of beginning of melting, vhich vas
not considered in calculating the function u(t). The thermophysical
parameters of copper were taken as constant in Ref. 1k.

Our calculations imply that melting has little influence on the behavior

of u(t) since the latent heat of fusion q;/cT =0.15 is relatively low.

Besides, some retardation in the growth of u(t) due to melting may be com-

pensated by a reduction of thermal diffusivity in the molten metal. The

. reduction in thermal diffusivity with increusing temperature leads to
acceleration of surface heating, which corresponds to smoothing of the
relation A(u) for a predetermined function A(t). The necessity of accounting
for the reduction in x with temperature is also shown by the sharp change
in A(u) vith attainment of the maximum value of Ap=0.37 (curve 1, Fig. 2)
that results with the assumption of a constant value of x=xq.

The thermal diffusivity of copper in the solid state decreases by a factor
of approximately 1.5 with a change from room temperature to T; [Ref. 10].
There is almost no information on the change in thermal diffusivity of
molten copper with temperature. For example let us represent the relation
x(u) in the form

2w)=11, 2 exp (—24)+0,1 lx o=y, ©)

The relations u(t) and A(t) for this case are shown in Fig. 1 (L) and 2 (2).
As a consequence of acceleration in the rise of u(t), the curve A(u) ap-
proaches the maximum value of Ay more smoothly than in the case XEXQe

In this connection, the small change in A(t) after reaching the maximum is
due to weakening of the temperature dependence of the coefficient of ab-
sorption A(t) at high temperatures uS1.5. It can also be seen from a com-
parison of curves 1 and 2 in Fig. 2 that vhen u<u; the temperature de-
pendence x(u) has a relatively week influence on the quantity A(u). Let

us note that in this temperature region vhen the thermophysical coe.ficients
are constant an analytical expression can be found for u(t) if A(t) and I(t)
are given in polynomial or piecewise-polynomial form [Rer. 8].
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The behavior of A(u) discussed up to this point has corresponded to the
front of the curves for u(t). The temperature dependence A(u) found
similarly on the descent of the u(t) curves differs considerably from that
described above, the "hysteresis" being particularly great for the case
X®=xo. Formally, this circumstance is caused by the very rapid reduction
of absorptivity A(t) on the trailing edge of the emission pulse. At
present it is difficult to draw any definite conclusions on the causes of
such behavior of A(u) that may de due for instance to inaccuracy in the
measurement of A(t) (in Ref. 5 there is only a single experimental point
over the entire descent section of curve A(t)).

The results found above show the possibilities and disadvantages of the
method of determining the temperature dependence of the coefficient of
absorption A(u) from the laser curve of A(t). In the high temperature
region where it is ro longer possibic to ignore the change in thermn-
physical parameters, it becomes necessary tn get additional data on the
behavior of the temperature of the irradiated surface u(t). When u31 the
required information can be obtained simultaneously with A{t) by measuring
the recoil pressure p(t), vhich is appruximately half the saturated steam
pressure p(t) =0.5p,{u(t)].

In viev of the sharp dependence of py on u, the recoil pressure is quite
sensitive to change in surface temperature. In accordance with formula (2)
a recoil pressure of p =200 bars corresponds to the maximum temperature
when x=xg (up=1.8, curve 3, Fig. 1), vwhereas the maximum recoil pressure
in the case of decreasing thermal diffusivity x=x; {at up=2.17, curve U,
Fig. 1) reaches 720 bars. By the instant that curve A(t) reaches the
horizontal section, the recoil pressure in these cases is equal to 0.3 and
100 bars respectively.

The pattern of interaction of intense radiation with the target becomes
more complicated when an absorbing plasma layer develops over the surface.
The presence of such a layer precludes identification of the measured
value of A(t) with absorptivity of the target swrface. For this reason it
is necessary to monitor the instant of development of the plasma in the
experiment.

The influence of the plasma layer may be particularly strong if the electron
concentration exceeds the characteristic value np=u2m/hwe2, where e and

m are the charge and mass of the electron. For neodymium laser radiation
np=1021 cm™3. Under conditions of developed vaporization the concentration
of atoms at the surface of a copper target reaches such a value at T=6L00 K.
The appearance of a plasma layer limits applicability of the method of
determining the temperature dependence of the absorption coefficient of
metal A(u) from the experimental curve for A(t). Nevertheless, this method
enables a considerable advance into the still unstudied region of tem-
peratures of molten metals. In this connection, for pulse heating of

metal it is apparently advisable to use opticel radiation with shorter
wvavelengths, wvhich may lead to considerable displacement of the boundary

of rlasma development.
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Let us nov consider some peculiarities in the behavior of the coefficient
of reflection that may occur in the case of a metal-dielectric transition.
NMumerical calculation [Ref. 15] shora that in the transcritical vaporization
state vhen p > p,,. and there are no phase boundaries, there may be a thin
dielectric interlayer between the plasma and metal that has no appreciable
influence on the general pattern of interaction of radiation with “nhe metal.
The problem of dielectrization of molten metal in the subcritical region
that has been discussed in the literature for more than thirty years now
has not yet been finally solved. It was assumed in Ref. 16-18 that such a
o transition occurs fairly smoothly, and therefore one can disregard inter-

; ference effects associated with the development of additional interfaces

in the exposed material.

If the metal.dielectric interface is not smooth, interference effects
cannot be disregarded. Direct manifestation of such effects is possible,
of course, only when there is fairly uniform distribution of intensity over
the exposure spot. Just as in the case of analysis of the behavior of A{u)
given above, this permits us to restrict ourselves to consideration of the
one-dimensional pattern of the process.

The transition region on the metal-dielectric interface can be considered

optically sharp if its characteristic dimension h is small compared with
- the wavelength of radiation in the medium (h«i). For the visible range, this
means that h<0.1 ym. Since the scale of the drop in the temperature
profile in front of the transition interface in the quasi-steady state is
determined by the speed of motion of this interface v, and the thermal
diffusivity of the material x, the relative change in temperature in the
region of the transition is given by the relation AT/T, =hv,/x. At a
transition temperature T; = 5103 K, v2210 m/s, x=0.1 em?/s and h =10 nm,
we get AT =50 K. Thus at constant pressure if the temperature width of the
metal-dielectric transition does not exceed a few tens of degrees, and the
time required for such a transition is fairly short (t <h/v;), the metal-
dielectric interface may be optically sharp.

The reflectivity of a metal with optical constants nj and k3 having a
transparent dielectric film on its surface with index of refraction n, and
thickness L is given by the well-known expression [Ref. 9]
R= |lrygtryexp (2i9) 1/ [14-ryoragexp (2ig) ] 13,
rag=(ng—ng—iky)/(ny+ny--iks)==pexp (iss),
$=2nnsL[A, ry4=(1—n,)i(1-+n,). ™

For given optical parameters the reflectivity changes periodically de-
pending on the thickness of the dielectric layer. For the maximum Ry and
mininum Rp values of reflectivity we have

Ru=(r+0)(14-pr)% Ru=(r—p)*f(1—p)% r= [l—ny /{1 +ns]. (8)

The quantity Ry may exceed by a great amount that of the metal R3 on the
vacuum interface

Ry=1—4n,/((n,+1)3+42). )}
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When ny=lh, n3=1, ky=3, ve have from (8) and (9) Ry=0.85, Fp=0.05

and R3 =0.T, 4. e. in this case the absorptivities Ay=0.15 and A3=0.3
differ by a factor of 2. If nj«nz, we can get the following expression for
the ratio of absorptivities A3/Ay from (8) and (9):

AyJAy=(n3+k) L(ny+1)*+43), (10)

vhich is valid vwhen n; >1 in the approximation that is linear with respect
to 1-p.

Since Imry3 <0, then -m <¢53 <0, and the first maximum of reflectivity is
reached at a film thickness 'such that 2y =n+ |¢53]. For the case of
optical constants considered above, we find L= (v +1)A/lwny »0.08). Tue
time for reaching this maximum after formation of the dielectric layer is
equal in order of magnitude to t=1/vy =6 ns at A=0.7 um and v, =10 m/s.
Let us recall that the velocity of motion of the metal-dielectric interface
va=I2/W; is determined by the ratio of the intensity I, of emission
absorbed on this interface to the change in enthalpy Wp = cTy +q, that is
related to the heating of the target and the latent heat of the transition
Q2 if the latter differs from zero. When W, 510 kJ/cm3, an absorbed
intensity of I, 510 MW/cm? corresponds to velocity v, =10 m/s.

Formula (7) also implies that for L |¢;3]|A/kmny; =0.02) the reflectivity
drops with increasing L, 1. e. growth of the dielectric film on the metal
surface initially leads to a reduction in R. However, it should be borne

. in mind that in the case of small L the behavior of reflectivity is not

- described by formula (7), since the dielectric film initially arises
beneath the surface of the target, and the optical thickness of the outer
metal layer is not small enough to be disregarded [Ref. 17]. Subsequent
expansion of the dielectric iegion leads to a rapid reduction in thickness
of the metal surface layer.

The oscillating behavior of reflectivity is accompanied by fluctuations of
velocity v, that influence primarily the recoil pressure p(t). The value
p=pp +4p registered by the pressure sensor differs from pressure py on the
surface of the target by an amount Ap due to the dynamics of thermal ex-
pansion uf the material in the heat-affected zone. For ordinary metals

the ratio Ap/pp is small; however, after the metal-dielectric transition,
wvhen v, becomes greater than v, and the increase in py is abruptly retarded,
the difference between p end pp increases considerably [Ref. 20}. 1In the
quasi-steady state for the pressure differential we get

Ap=(poy)*(p7'—p™), (1

vhere pz and p are the densities of the material on the transition front

and far from it respectively. In contrast to the quasi-steady state of
vaporization of ordinary metal, the quantity Ap depends quadratically on

the intensity of the incident radiation I and the coefficient of absorption A.
When p2 <0.8p, the fluctuation amplitude Ap corresponding to a change in
velocity vy in the range of 10-100 m/s amounts to several hundred bars,

vhich can be readily detected in measurement of the recoil pressure p(t).
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PHYSICS

UDC 621.375.826

'

ON THE POSSIBILITY OF USING RESONANTLY EXCITED MEDIA FOR WAVEFRONT REVERSAL
Moscow KVANTOVAYA ELEKTRONIKA in Russian Vol 6, No 1, Jan 79 pp 218-22k .

[Article by A. N. Orayevskiy, Physics Institute imeni P. N. Lebedev,
Academy of Sciences USSR, Moscow)

[Text] An analysis is made of the properties that a
resonantly excited medium must have to use it for the
basis of wavefront-reversing "mirrors.”" 1In the absence
of saturation with respect to the signal to be reversed,
the absorption cross section on this frequency should be
considerably less than the cross section on the frequency
of the reversed wave. Under conditions of strong satu-
ration it is preferable to use materials with narrow
spectral lines. To use a "reversing mirror" to compensate
the distortions of the amplified wavefront, the required
contrast of the reversed wave depends on the passband and
gain of the amplifier. .

The recently discovered phenomenon of reversal (reproduction) of the wave-
front in stimulated Mandelstam-Brillouin scattering [Ref. 1] is of greet
interest from the standpoint of possible applications in experimental
techniques and in practice. In Ref. 2 it was also shown that stimulated
Raman scattering can be used for these purposes*. The problem arises as to

whether it is only *iie substances that are active in the sense of stimulated .

Mandelstam-Brillouin scattering [SMBS] and stimulated Raman scattering [SRS]
that can be used to make a "reversing mirror." Might not the resonantly
pumped active media extensively used for making lasers be applied for this
purpose as well?

SMBS has the following peculiarities that are essential for wavefront

*I would like to take this opportunity to propose a new term for "com-

bination scattering," which is called the "Raman effect" outside of the USSR.

To eliminate the difference in names of the same effect while maintaining
the proper priority of discovery, I would like to suggest that this type
of scattering be called the RAMAL effect [RAman-MAndelstam-Landsberg].
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reversal: 1) the gain of a medium that is active for SMBS is much greater
than unity; 2) the frequency wy, of the radiation to be reversed is close to
the frequency wg of the reversed signsl, so that (wy -uwg)/wp«l; 3) the gain
of the active medium is linearly dependent on the intensity I, of the
pumping radiation (which is to be reversed). Let us examine to what
extent the same conditions can be met if resonantly excited laser media
are used.

- For the sake of simplicity of our considerations, we will have in mind the
scheme of levels depicted in Fig. 1. Let an inverse population be set up
' on frequency wg <wp, with pumping by laser emission of

2 frequency wy,. In the steady state with very rapid
! establishment of equilibrium between levels 0 and 1
the gain on frequency wg is
q t’, a-on(N.—Nl)-’aglNo l_:%?%—e—ﬂl' (1)
' where 03] and 039 are the cross sections of induced
_ . transitions between levels with the corresponding

subscripts, Ny is the number of particles on level O,
Y T is the time of relaxation of level 2, Ij(r,t) is the
intensity of the radiation to be reversed, A=(}/AT)(0p—w),).
Fig. 1. Scheme of It is assumed that because of rapid relaxation -
processes Ny,=Nq,3. 'To ensure positiveress of a and
::::E;ng yagp:";:ze its linear dependence on Iy, it is necessary that

- pumping gyl >ed; @)
oyt K1 @
Condition (3) means absence of saturation, and hence independence of Ny from If,.

discrete levels for

For the sake of definiteness, we will consider condition (3) satisfied if

ayvl=0,1. (O]
Then (2) implies that '
@p—w, 2 (kT/$)In 10. ©®)

The total amplificatior G on frequency wg under conditions (2) and (3) can
be approximately found from the relation

where G==e.xp (fa(E)d &1, ©)
Iy(r, 0=14(p, fexp I—ayoN s8], )

Io(g,t) is the intensity of the radiation to be reversed that is j.’ncident
on the "mirror," £ is the coordinate lengthwise of beam propagation, p is a
coordinate in the plane perpendicular to this direction, Integration in (6}
is done within limits of the positive value of a. From (6) and (7) it

follows that G=exp logx([o—I)], @®
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where [y=(l/o4ex)e8. Thus, G»1, if the quantity 0211Iy is sufficiently large.

It follows from Ref. 1, 2 that it is necessary to achieve G ~ 20 . @25 for
good reproduction of the wavefront. We summarize the conditions in the
teble. Relation (B’) is implied by (B) and the fact that for good reproduc-
tion of the wavefront the mismatch (u;‘-ma)/mL <0.1 is practically applicable

[Rer. 2].
t
I
- outle> 1 Oyy ~ 20004, .
ot/ <1 @ Tty ™ 0,1 ®

. ‘.,,.’_..)'i;m(n+;“'7;) O | —om3d- ()

o> fu(itzdn) o ferndf o

KEY: 1--Mathematical expression of the condition
2--Practically applicable numerical equivalent

What kinds of materials satisfy the relations given in this table?

These relations can be met in molecular systems consisting of simple
molecules. In the case of rapid rotational relaxation the effective cross
section of absorption in a moiecule for a rotational-vibrational R or P
transition is defined by the formula

. o,-o.-’—l--fl—exp[—%-].
Here 0g is the cross section of the transition v=0, J+v=1, Jz21l; L is the
b statistical sum of the molecule; E,7 18 the rotational energy of the initial

state, vhich is an increasing function of the rotational moment hJ (J is an
integer). The radiative transition can be shifted toward lower J to
satisfy the relation a&bs«asﬂd. Most suitable for this purpose are

- molecules with large rotational constants such as hydrogen halides, ammonia
and so forth. The necessary conditions: the duration of the pulse to be
reversed and the time of rotational relaxation must be shorter than the
time of vibrational-rotational relaxation, since the latter distorts the
linear dependence of the inverse population on the intensity of the signal
to be reversed.

One can use the transfer of energy from molecules excited on frequency wy,

vith relatively small cross section of excitation of molecules with a larger
cross section of thg radiative transition.
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As we see, materials can be selected that satisfy the conditions of the

table. However, these conditions considerably restrict the the possibilities
of using the rcversal effect due to resonantly pumped media. In particular,
when wavefront reversal is used to compensate inhomogeneities of the active
medium of an amplifier it is necessary that frequencies coincide within the
limits of the amplification linewidth. For jnstance for neodymium glass

we must have wp, -uwg <102 cm~!. Gases require even closer agreement of
frequencies. Besides, the conditions of the table permit us to use the
reversal effect only in the wavelength range of A <3.2 um. These restrictions
would be removed in the case of strong saturation if the requirement for
linear dependence of gaiu on the intensity of the signal to be reversed |
could be avoided. Actually, when gpgtIg»l, relation (6) of the table |
takes the following form:

AT 1 9
0y — 0,2 = g7 ®

At a saturation parameter of 10-100i both frequencies may fall within an

amplification linewidth of 2-20 e¢m™', and the long-wave boundary of repro-

duction is moved into the far infrared region.

One question remains: 1is reproduction possible with pumping by a saturating
signal? Generally speaking, saturation, in smoothing out the gain dependence
of intensity should lead to distortion of the reproduced wavefront. However,
we can point out a case where saturation will not interfere with the repro-
duction process.

Let us represent the wave to be inverted EL(E,E) in the form

- -> ' -3
E(6t)= 3 ci@e®, (10)
.
Let us assume, following Ref. 1, 2, that the quantities Cq are uncorrelated,
= 80 that
(CyCyd=ICy 18(q"—q"), (1)

and with this premise calculate the gain on frequency wg <wp. For the sake of -
simplicity we do the calculation for the system of levels shown in Fig. 2.
We will assume equilibrium distribution by energy levels in band 2.

———— . The sought amplification factor a is given by the
B= : relation
2 | L
il e @ = 0 (2 Q) Ny () —0,N,, (12)
al © e .
’ ﬁ vhere o(flg, ) is the eross section of absorption from
- level 1 to level 2, N under the influence of emission

Fig. 2. Scheme of of frequency ws, °~.r--2°(ﬂ.. s ).
Q

levels assumed for
calculating reversal
of a saturating
emission pulse

To determine N3(R) we use the well known quasi-steady
relations between the field, the number of particles
and polarization of the medium Py, [Ref. 3, 4]:
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Pumi 5 S (e~ a ] By

Ny i3 [ELPL—EiPi] + N
. S _ . (19)
- Nym—i—p [ELP.— ELPL) + N, o

Ny(Q) = Nyg (Q) =007, J

_ vhere NS°) and N$O) are the -equilibrium populations of the respective energy
states (in the optical band N{ = 0)10-%2 §(Q—Q) e~ "7 (Q); the rest of
[+] N
the symbcls are the standard ones.

We will als. represent the polarization Py, and the reversed wave Eg in the
form of a Fourier expansion with reapect to "transverse" coordinates'

P(08)-Ze@e ;4 (70)- Zs.@eF.

To solve the formulated problem it is neceasary to find the averaged gain
<aq> for the Fourier components of the reversed wave: .

@>=E)SYSSPr )

where‘
(@E)o = faEe'® db. 9
Calculation of <a_> consists in substituting (10) and (14) in (13) and

calculating <o,> WHth consideration of relation (11). As a result of the
calculation we get

=hanr
Nad -U,M'”l ’l?f't{'::eb) oLtly [ mlsdql-‘;z (C°'s‘ >+<CeSyd ]
b . .
-1, o

%M por the reversed wave, i. e. the wave

where l,,-Z(lC,l'). b=ae
completely correlated with the one to be reversed, S = const - Cq and the
expression in brackets in (17) is equal to 2. For waves that are not
correlated with the incident wave, <S Ca>=0 and this expression is
equal to 1.

Thus with the assumptions that have been made, the gain for the reversed
vave will be greater than for other waves regardless of the degree of
saturation. This result is obtained with condition (11) that denotes
uniform distribution of intensity with respect to transverse coordinates.
Such intensity distribution can be achieved for instance by multiple reflec-
tion of the wave in a waveguide system [Ref. 1, 5].
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In the limit of strong saturation (optIp»1) we haye

. . (Sedunp = T O (8= 1 (182) -
@ = g oMl (et =1). (186)

[The index kOp stands for "correlated," and HK -- for "uncorrelated]. The
most favorable case is where <0g°ko >0, and <a >m(<°' This cannot be
realized throughout the entire rrquency interval since only those mis-
matches are possible where e™ >2 and <ag>e >0. However, for sufficiently

- narrov lines, a situation can be realized such that near resonance <aq>yc <0,
while far from resonance 0y becomes small, so that amplification on these
frequencies is insignificent.

Let us consider the requirements imposed on gain in this case. The frequency
mismatch necessary to achieve amplification on uncorrelated waves is
o, —of*>(kT/4) In2. (19)
he maximum attainable gein is
; B Bk AL (20)

ol heing taken for frequencies defined by relation (19). The amplification
<q>xop for resonant frequencies is
b A
@i T 0N g (0 —0i). @ -

For instance, requiring an increase in <a >P23 gver <a >g§x by a factor of

2-3, we can find the parameters that mustq'ble(ogatisfied y the material of a
reversing active medium.

Let us ‘assume that the line 1s uniformly broadened. Then a=1, ' -

{dw)?
0= T 2

When wy, is selected near the resonant transition frequency wg within the
1imits of linewidth Aw (or several linewidths) and, assuming Aw<kT, we have
for of® in accordance with (19) and (22) '

o 0y [A0/(0—awp") %,
Then the condition (adip=2(adm 1leads to the situation
0y, —0 P~} (AQ)VAT. @)
If Mwsl cm~!, then wp, -wkOP~0.01 cm~! at room temperature.

The contrast of the reversed wave depends on gain G=e(Za)xpl (L is the

effective length of the active region excited by the wave Ey, to be reversed).

In the case of strong saturation L is determined by the pulse energy eS\sity
- of the wave to be reversed ¢ and the density of absorbing particles N?o
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1 s 1
L= Tm—NP—.
For a contrast of the order of 10° it is necessiry that

. \ 1 . .
.;- {%eduop ‘j:,—b W 210, - (24)
which determines the minimum pulse energy ¢.

- However, the contrast required depends to & considerable extent on the Job
to be done by the reversing -mirror. For instance to compensate distortions
in an amplifier with high gain it is sufficient to require the necessary
contrast only for frequencies that fall within the amplification band, and
dot worry about what happens to the response on frequencies far removed
from resonance. In this case, in virtue of (19) we may not be bothered by
tho contrast of the reversed wave with respect to waves that are not

- correlated with it. '

Diffusion p:ocasses that are most essential for gases will distort the

spatial structure of thc gain in the reversing mirror, and hence will

be detrimental to conditions of reversal (reproduction) of the wavefront.

This imposes obvious limitations on the maximum duration of the reproduced

pulse and on the degree of reproduction of the microstructure of the wave-
- front. In this connection, the speed of formation of the reversed wave is

important.

Reports recently appeared i{n the literature in which an analysis was made
of the possibility of making reversing mirrors by using different non-
linear effects. In Ref. 6,.7 it is shown that suitsble materials for this
purpose have rather well-developed nonlinear susceptibility. The author
of Ref. 8 presents successful experiments on the use. of parametric resonance
for wavefront reversal. However, the methods described in Ref. 6-8 for
making a reversing mirror require an additiodnal (auxiliary) source of
emission. 1In the presence of one or more auxiliary emission waves, many
nonlinear effects may be used for wavefront reversal. Such "active re-
versing mirrors" may have certain advantages over the "passive mirrors"
discussed in Ref. 1, 2, and alsc in our article. One of the advantages is
the possibility of getting a reversed wave with frequency coinciding
accurately with that of the wave before reversal (uwp =wg). However, the
necessity of auxiliary radiation makes active mirrors very complex devices.

Of interest in this connection is the possibility of using coherent spon-
taneous emission (and the related photon echo) in eystems with extent much
greater than a wavelength. The particulars of coherent spontaneous emission

- of extended systems are considered in Ref. 9. An analysis of formula (91) in
this article shows that the maximum intensity of coherent spontaneous
emission must be observed in the direction opposite to wave propagation for
& wave that stimulates the super-radiating coherent state. Thus, coherent
spontaneous emission can be used for wavefront reversal. In this case the
frequency of the reversed signel should practically coincide with that of
the incident wave.
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PHYSICS

UDC 621.376.826:038.823

PARTICULARS OF DF +(CO, ENERGY TRANSFER IN CHEMICAL LASERS BASED ON CHLORINE
FLUORIDES

Moscow KVANTOVAYA ELEKTRONIKA in Russian Vol 6, No 1, Jan T9 pp 231-235
[Article by K. F. Chebotarev and §. Ya. Pshezhetskiy]

(Text] Experimental studies are done on the output param-
eters of lasers on mixtures of chlorine fluorides with
deuterium, and also fluorine with deuterium where (0, is
used as a component of the active medium. A qualitative
analysis is done on the particulars of the transfer DF-+ (0,
in laser systems based on ClPs, ClF;, C1F and F;. It is
shovn that the most efficient transfer DF+CO, is realized
in a mixture of F,-D,-C0,.

The principal factor that determines the efficiency of chemical lasers

based on HF (DF) is the rapid relaxation of these molecules on reaction
products and on the initial molecules. Therefore the use of energy transfer
from rapidly relaxing vibrationally excited molecules of HF or DF to molecules
of CO2 or others leads to an increase in the chemical efficiency. This idea
vas first expressed in Ref. 1. In Ref. 2-12 lasing was studied on mixtures
of F2-D2-COz-He with energy transfer DF+ (0;. It was shown that the
efficiency of a laser with transition on a C0; molecule is limited by

heating of the gas during the time of the chemical reaction.

Laser systems based on other fluorides with energy transfer DF+CO, have
been much less studied than systems with F,, and data relative to the
efficiency of emergy transfer to CO; in these systems are contradictory.

Among fuvestigated systems with energy transfer DF + CO; are mixtures of

a F,0-D; and F20-D;-C0; [Ref. 3]. At pressures of 20-50 mm Hg the laser
vith 00, is more efficient, and at pressures greater than 50 and less than
20 mm Hg, the laser without CO; is more efficient.

s

In Fef. 16, 17, chemical lasers were studied on mixtures of ClF3-D (-C0,)
and WFg-Dz(~CO;) and the energy vas observed to approximately triple as
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compared with a mixture without CO;. In Ref. 12, attempts to achieve
effective transfer on CO; in aystems NF3-D2-CO; and NyFy-Dy~CO; were
unsuccessful . .

The possible disagreement of these results is explained by the different
conditions of experiments (presence of impurities in the initial components,
different conditions of mixing of reagents, initiation powers, temperatures
and 8o forth). On the other hand, as shown in Ref. 14, the efficiency of
systems with energy transfer passes through a maximum with increasing
reaction rate, which is due to the change in initiation power; therefore
it is difficult to interpret the results of experiments with addition of
C0, to different chemical systems. We studied the energy transfer DF -+CO;
in laser systems based on chlorine fluorides. The purpose of the work was
to clarify the way that transfer efficiency depends on the kind of initial
chlorine fluoride, the mechanism and kinetics of formation of DF, which
differ for different molecules of ClF,. The results are compared with
data on the transfer DF+CO, for the system Fy-D;-C0,-He.

Procedure

The experimental setup is described in Ref. 18. A quartz laser tube 17 mm
in diameter and 75 cm long was placed in a cavity formed by a totally
reflecting mirror R=3 m and a Ge plate or a flat mirror with gold coating
having a 1.5 m aperture for coupling out the emission when measuring the
duration of lasing. The ends of the tube were covered with NaCl windows
oriented perpendicular to the optical axis.

The cavity was tuned by an LG-56 laser. Energy vas measured by a KIM-1
calorimeter with recording of the lasing pulse by a GeAu sensor and an
868-11 oscilloscope. The gases C1F3; and C1lFs were purifed by distillation
in vacuum. Cl1F was produced from C1F3 and Cl; by heating an equimolar
mixture to 300°C. The reaction vas initiated by flash photolysis of the
mixtures. The presence of F, in the chlorine fluorides was checked from
the intensity of the band 1+0 of DF emission in control experiments:

in the presence of Fa this band is of low intensity or is absent due to
the formation of DF,nq when F; is "burned out."

Inlet of the mixture into the tube and mixing were done with constant
circulation to avoid thermal reactions. In experiments with mixtures of
F2-D2 and F2-D2-CO, at pressures below the upper limit, the laser tube was
cooled by a stream of nitrogen to a temperature of -80°C. At high pressures
the F2-D; mixture was stabilized with oxygen.

Results and discussion

As vas shown in Ref. 19, one of the criteria for evaluating the chemical
efficiency of a laser system is lasing duration t;,. Comparing the lasing
duration for different systems under identical conditions of initiation and

at identical pressures of components, we can get an idea of the part played
by secondary elementary stages in the creation of stimulated emission.
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Pig. 1. Oscillograms of pulses of initiating light (1) and enrresponding
integrated stimulated emission in lasers on the following mixtures (pressure
' given in mm Hg): 0.5 C1Fs +0.5 D3 +0.500,, (2); 0.5C1LFg +0.5D2, (3);

© 1.2F2 +1.2Dp +2C0z, (L); 6.TCIF +2.54Dy +17.UHe +13.1400,, (5);
, 6.7C1F +2.54D; +17.UHe, (6) (scanning 2 (2, 3) and 20 s/div (4-6))

The systems ClFs-Dy(-C03) and ClF3-D3(-CO2) are characterized by short
lasing duration comparable with the flash duration; CO; slightly increases
the 174. The difference in behavior of these systems may be due to both

' kinetic and relaxation phenomena. Energy transfer from DF to C0; may lead
to an increase in chemical efficiency if the reaction rate is comparable,
and the deactivation of CO; in collisions with a third body is low compared
vith the rate of energy transfer, which is more probable at low pressures.

!butj J Fous J 1,
- ul" 2 . . ) (
) L ‘ & 3
& &
2
&
o05]
o ke
aorl L
2 /P U & pg, miHg 5§ W 50 00 250
pr, mm Hg
Fig. 2. Curves for laser output energy
as related to the total pressure of Fig. 3. Laser output energy as a
fluworine and deuterium for mixtures: function of the total pressure of

F2:D3:07:He:C02 #1:0.36:0.15:7.3:0 (1); ClF and deuterium for the mixtures:
1:0.38:0.15:4.3:3 (2); 1:0.38:0.13:6:0 ClF:D;:He:00; =1:0.38:2.6:2 (1, 2);
(3); 1:0.38:1.13:6:3.83 (k) (U=20 (1, 2) 1:0.38:2.6:0 (3, 4) (U=20 (1, L)
and 13 kv (3, 4)) and 13 kv (2, 3))

Shown in Fig. 2~5 are curves for emission energy of lasers on mixtures of
F2-D2(-C0z), CLF-D2(-COz), ClFs-Dp(-C0;) and ClF3-D,(-CO,) as dependent on
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Pig. U. Laser output energy as a func- Fi 6. Lager outout enercy as &
tion of integrated pressure of ClFs and mg(.:tz;n o inte pu] presgir oot

D2 for mixtures: 4 X

SribnEmasome (e GBI,

1:0.5:0. (b1 (2) A 1:1. S 0 (2) (the points show
data for experiments on different
days)

the overall pressure of deuterium and fluoride. The errors of measurements
shown in these figures were no more than 20%, and the reproducibility of
results wvas good. For the firgt two systems, strong dependence on the
initiation energy was observed. The major patterns for both systems are
analogous. :

The two other systems also give a similar pattern; however, this pattern
differs considerably from the first. The differences are apparently due

to the competition of processes of deactivation of CO; and the rate cf
formation of DF*, vwhich is determined mainly by the rate of the elementary
process F+D; +DF* +D and the process D+F, or D +ClF,, as well as by the
ratio of this rate to the rate of chain bresking. The latter determines the
lasing threshold in a system without 00,.

A peculiarity of the systems ClF3-H,(D;) and ClFs-Hz(D;) is that in these

systems the formation of HF* (DF®) due to the reaction H+C1F, +HF* + C1F,_, ~
takes place much more slc:ovly‘r and as wvas shown in Ref. 20, doea not mke any -
significant contribution to stimulated emission. At the same time, the
measurements of Ref. 22 imply that relaxation of HF* on molecules of ClFs and
ClF3 takes place two orders more efficiently than on molecules of F, and CIF.
With an increase in pressure, vhen a maximm of energy is observed without

CO2, the addition of (CO; leads to a reduction of output energy, as can be

seen from Fig. U and 5. (If ve restrict ourselves in Fig. U4 to a pressure

of 70 mm Hg, the behavior of the curves in Fig. L and 5 vill be identical.)

In other words, the addition of CO; to systems based on C1F3 and ClFg is

tIn Ref. 21 the EPR method was used to find the rate constant of the
rz'eaction x)ucu,-»m?ucnz, equal at 300 X to 10114652 op3/mylecs =0.0267
usemm Hg -1 .
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effective only at pressures that exceed the optimum for these mixtures
without CO;, which is implied by experimental data.

For the systems F,-D; and CLF-D;, vice versa, high gain in output energy at

' low pressures of the reagents is observed when CO; is added, particularly
for the system F,-D;. With an increase in pressure, the Eoyt in systems -
with CO; approaches that in systems without (0, (see Fig. 2 and 3). In the
case of low-power initiation as the pressure rises the output energy on
mixtures without CO, is greater than with CO;. For the system ClF-D; with
initiation by discharge of a condenser C=5.5 uF, U=20 kV, the output
energy vas about the same for mixtures with and without CO,.

For the system F;-D2 at low pressure the output pressure is very sensitive
! to the purity of F; and to the presence of DFyag formed as a result of the
dark reaction. It was shown in Ref, 13 that the presence of a small amount
of HF in a mixture of Fy-Hy leads to a reduction of output energy by a
factor of 50. When a mixture of F3-D,-CO; is used, the presence of DF.
has little effect on the output energy because of the rate of the trarsfer
DF +C0;. Therefore an increase is observed in output energy when €0, is
added to the mixture at low pressures [Ref. 2]. Besides, the addition of
02 to stabilize the flow has an effect on the threshold pressure of the
mixture F3-D; and leads to a reduction in the output energy at low pressures.

As can be seen from Fig. 2, the addition of CO; to the system F3-D; is most
effective at comparatively low pressures of the reagents (up to 50 mm Hg).
At higher pressures with intense initiation, the addition of CO, is less
effective. For the system ClF-D;-C0; the effectiveness of adding CO; is
low at all pressures, as implied by Fig. 3.

In the best case the increase in output energy is 100% at low values

of specific power output. This can be attributed to the following causes:

1) a lower rate of the reaction Dy +C1F and less excitation of DCl molecules;
2) a lower constant of transfer DCl+C0; as compared with DF-CO;, vhereas
DC1 and DF are formed in a chain process in equivalent amounts; 3) lower
exothermicity of the reaction D +ClF as compared with D+F,.

The measurements made in Ref. 16 and 17 showed an increase in the output
energy for the system ClF3-Dy-CO; by a factor of approximately three as
compared with the mixture without CO; throughout the entire pressure range.
The cause of lack of agreement with our data may be the presence of F; in
the initial ClF3. Then without CO;, the presence of DF g leads to a
reduction of the output energy, vhile with CO; the same amount of DF,_q has
no effect on the output energy.

- Thus the efficiency of systems with energy transfer on (0, depends on the
relation between the different rates of the processes, and there are optinmum
conditions for each specific 'ystem. For some conditions and systems the use
of the transfer DF +CO; is ineffective from the standpoint of raising the
powver, and high specific parameters can be achieved in systems without CO;

- by selecting the appropriate conditions.
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1 PHYSICS

UDC 621.375.82
DIFFRACTION EFFECTS IN CW CHEMICAL HF LASER WITH UNSTABLE TELESCOPIC CAVITY
Moscow KVANTOVAYA ELEKTRONIKA in Russian Vol 6, No 1, Jan 79 pp 236-248

[Artiole by Ya. Z. Virnik, A. K. Piskunov, A. A. Stepanov and V. A. Shcheglov,
Physics Institute imeni P, N. Lebedev, Academy of Sciences USSR, Moscow]

[Text] A solution is found for the self-consistent problem
of the structure of the emission field of a supersonic cw
chemical HF laser with unstable telescopic cavity (steady
lasing mode). For typical conditions an analysis is made
of the structure of amplitude and phase diagrams of the
laser field in the near and far zones, energy character-
istics are calculated and the angular divergence of laser
- emission is determined for different gains in the cavity.
It is shown that the use of a telescopic cavity in cw HF
lasers leads to a considerable increase in directionality
of emission with a moderate reduction in system efficiency.

1. Introduction

Recently considerable attention has been given to the problems of using un-
stable cavities in lasers. The fundamental physical particulars of such

- optical systems were considered in Ref. 1-3, where it was shown that the
use of unstable cavities can appreciably improve the directionality of laser
output emission (in particular by natural mode selection).

Experiments with cw chemical HF lasers [Ref. U, 5] have shown that the use of
unstable cavities reduces the angular divergence of emission (right down to
the diffraction divergence [Ref. 5]) although there is a concomitant drop
of efficiency. In this paper a solution is found for the self-consistent
problem of the structure of the emission field of a cw chemical HF laser
(CWCL) in the "cold" state. The calculations that are done enable analysis
of the structure of the amplitude and phase of the laser field in near and
far zones for typical conditions, evaluation of the energy parameters of
the system, and determination of the angular divergence of emission. The
celculations directly imply recommendations on choosing optimum parameters
of an unstable telescopic cavity.
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This problem can be most completely examined on the basis of electrodynamic
methods of calcualtion. Included in this category for instance are asymptotic
and numeri+s) methods that use Kirchhoff-Fresnel integrals [Ref. 8-11}, and
also the method based on solution of a wave equation in the quasioptical
approximation (Ref. 12-14]. 1In our paper we will use the latter method

since it gives the most consiatent description of the interaction between

the radiation end the active medium.

It should be emphasized that in contrast to works already published, the
problem of the structure of the rudiation field in the case of an HF laser -
of diffusion type is much more complicated. This is due first of all to
the multiple-level nature of excitation, and hence to the large number ol
spectral lines that take part in lasing (which is particularly typical of
an HF laser with a chain mechanism of excitation), and tecondly to the fact
that the kinetic processes responsible for the formation of the active
medium in the CWCL take place against a background of diffusion "trails"
beyond the nozzle tip. Let us note right avay that as a rule, the major

2 part in formation of the emission field structure is played by the gradient
of longitudinal inhomogeneities of the active medium in the direction of gas
motion, 1. e. essentially by transverse inhomogeneities, rather than by the
longituidnal inhomogeneities themselves in the direction of the beam. This
situation means that in describing the process of mixing of reagents we can
use a simplified approach based on a flame front model (see for instance
Ref. 6, 7, 15-17). This approach, in describing the change in parameters
of the chemically active stream in the cavity region in an averaged way,
enables us to analyze the influence tha! transverse inhomogeneities have on
the quality of laser radiation.

Since the angular directionality of laser radiation is determined both by
cavity geometry and the degree of inhomogeneity of the active medium, let
us briefly discuss the problem of the nature of inhomogeneities inherent in
the CWCL. First of all let us note the influence of inhomogeneities caused
by nonuniformity of amplification on individual vidbrational-rotational
transitions of HF molecules along the flow of working gas. Moreover, an
essential part in formation of the structure of the emission field may also
be played by inhomogeneities of the index of refraction, as happens in
lasers of other types. In the general case, inhomogeneities of the index
of refraction include resonant and nonresonant parts {see the Appendix).
Let us note that inhomogeneities of resonant type are due to the contribution
made by vibrational-rotational transitions of the working molecule with
frequencies close to the lasing frequency, to the polarization of the active
mediun (on. the given frequency). The nonresonant inhomogeneities include
those due to a change in the chemical composition of the mixture, as well
as to a change in particle density caused by thermal and gasdynamic effects
in the stream. Let us also nocte that under typical conditions for a CWCL
using a "cold" pumping reaction F+Hy+HF +H (pressure at the nozzle tip

P ~5-10 mm Hg, helium dilution of the oxidative stream -- 10-15) the mean
gradient of the index of refraction corresponding to the mentioned inhomo-
geneities is 10-8-10-7 cm~! as a rule.
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2. Initial equations

A simplified diagram of the investigated laser is shown in Fig. 1. We will
restrict ourselves to the case of cylindrical mirrors (the two-dimensional
problem), but it should be noted that such calculations, generally spesking,
will also describe the strubtture of the emission field in the plane of
symmetry for a cavity with spherical mirrors of rectangular shape [Ref. 7).

F~Hg~He~0F
Nozzle\
b
s\\\ |
U N
g | ".E—- \\‘\
7 l : i 7—-’——" Z
—t g’
T N
f
X

Fig. 1. Diagram of CWCL

In the general case, lasing in the CWCL can be stimulated on a large number
of vibrational-rotational transitions of the P-branch v, Jy-1+v-1, Jy

(v is the number of the vibrational level, Jv is the rotational quantum
number). Clearly an adequate description of the emission spectrum of such a
laser requires solution of a system of parabolic equations for the electro-
magnetic field (see the Appendix) combined with a system of kinetic and
gasdynamic equations [Ref. 15, 17] at various possible values of v and J.
In such a situation, calculation of the emission field demands excessive
amounts of computer time, and therefore this approach is not feasible.

In this connection, from here on we will study the lasing mode only on two
vibrational-rotational transitions v, J,-1+v-1, §, (v=1, 2), the
rotational numbers being considered as given. It is shown below that such
an approach is fairly sound.

Using the flame front model to describe the mixing of chemically active
flows, we write the initial equations for the molar-mass concentrations of
?tomic f]].uorine Yr and molecules of hydrogen fluoride yy in the usual form
Ref. 15

-yr = — (p/u) Qx + (1% — vr) Qew, m

';"_”o "(plu) {G.Q, +Qvy (0) + QVI’ (0)} _oncn + Q, (v); o=0,1,...,4.
2
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- Here Qym Ayryf,: Qow= (1/y) (dyj/dx); the terms Qyy and Qyp describe VV exchange
and VT relaxation of HF in the harmonic approximation; ky, is the rate constant
of chemical pumping; ay is the probability of formation of HF on the v-th
vibrational level; p is the mass density of “he mixture; u is the velocity
of the flow; yr(x) is the half-vidth of the flame front; yf and yﬁz ure the
stoichiometric values of the molar-mass concentrations of atoms of F and
molecules of Hy on the flame front.

The radiation term Qg in (2) takes the form
Qp (0) = (1 —84,)(1—B3,) %
x {(1= 84 @28, olvst.0— (1 =20 o) €5 vmtlo, o1} / (00,

where I, .3 is the emission intensity in the band v+v-1, and v-1 18
= the weak-signal gain (on the transition v, j=-1-+v=-1, J) within thé flame
front surface;

",A'v. v—1 Orer

= T2~ Sul O @

Suy=[ o= ey exp (— B | Jero | -1 G- 1]

and f(0)=(In2/n)!/2(1/Av ) exp (B¥)erfc(B) is the form of the line for the case
vhere lasing frequency coincides with the center of the line, p=Av, ) Tn2/Av,

llv. =1 =pNa

vhere

and erfc(p)-l—(ﬂ]f?:')je-t'd;, The Doppler and Lorentz half-widths of the

lines are equal to Av,= 3,58.10"'v,,(T/20)% and Av.-p'l‘-"’; a %, respectively,

vhere Eiﬂpilp, and for the coefficients of impact broadening we can take
agp = 2.3°10°% and ag4yp=1.14+10-3 (in K'%/(cm'mm Hg). Thus for the HF
molecule we get :

p ~ 2'67 (P/T) [2v3E"|’ + 1: 14 (l bl EHF)'.

vhere the pressure p is expressed in mm Hg, and the temperature T of the
mixture -- in kelvins.

For typical conditions of a CWCL of diffusion type 8 is alvays much less
than unity, i. e. Doppler broadening of the HF lines predominates. In this
case (3) implies that )

' PR, YN (|n2/1)'/=(°"‘)(2,'—|)s .‘

no—t=p nm ; -5 )

Finally, the intensities Iv. v-1 of individual bands are related to the
complex amplitudes of the vectors of electric intensity of clectromagnetic
fields E, y_q= &, oy &' by the expression /, ,_;= (8, ¢-1 8¢ v—1/(2047), where
Iv. v-118 expressed in H/cmz. and v-1 18 expressed in V/cem. Representing
the fields E, .j in the form of thé sum of the forward Ef . _; and reverse
E;’ v-] ¥aves, separating out the rapidly varying phase factors
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Ev. ot 8 grexp i (gt F k),

we find that the intensitles I, . are expressed in terms of the slowly
varying complex amplitudes 85, y-]1 Of the forwdrd and reverse waves as
follows:

’o. t=} -11/(240n)l (l 80. o=l |'+| 80. °~ll + 8¢ p...|(3,. ,_,) f2h)2 +
+8n. v—l) 8-, 0=1€ —‘””' ].

Let us note that the last two terms in this expression are due to the inter-
ference of opposed waves, and in virtue of the extremely fine structure of
the interference pattern (characteristic period ~AVJ~10'“ cm), they can be
disregarded.

_ Furthermore, as estimates show, for the low pressures used in the CWCL we
can totally ignore signal amplification on adjacent vibrational-rotational

. transitions with frequencies that differ from the frequency wyy of the in-

R vestigated signal, and under these conditions the parabolic wave equations
for the slow complex amplitudes of the forward and reverse waves take the
form (v=1, 2)

i 8 o (7280 gy 88 o1 [ O et — 1 B (04)] 82 -1 ()

Let us note that the "+" in (i) corresponds to the forward wave, while the
"-" corresponds to the reverse wave; G, g_j= (§/h,) gh o—1 18 the effective
(integral) gain of the active medium in the fleme front model, and 4n is
the index of refraction averaged with respect to the period h. of the
structure of the nozzle unit (see the Appendix).

To determine the structure of the fields in the cavity, the system of
written equations supplemented by equations of gasdynamics in the quasi-
one-dimensional approximation [Ref. 15, 17] is integrated by the usual
iteration method with consideration of the corresponding boundary con-
ditions. For the functions yp(x/ and yy(x,z) the boundary conditions are
obvious:

y'(—x.)-yg; yl(-xOI z):o' U"'O. lp ee 4-

With respect to the boundary conditions for the functions 33 v-1 On the
mirrors of the cavity, we note the following. From the intelral represen-
tation of the solution for & ._; (for instance when the right-hand member
of (4) is absent) we can easily see that in the case of a sufficiently
large Fresnel number Ng=a*/(A,,L) the calculation of &v y-1 requires a
rather small integration step 4x in the transverse direction (this is due
to the presence of a rapidly oscillating phase factor of the type

exp(- ~ikyyx 2/2L)). In the case of numerical integration of system (L),
cofactors of this kind also show up in the boundary conditions on the
airrors [Ref. 13}, thus complicating the investigation of cases that are
of greatest practical interest. Nonetheless, the range of permissible
Fresnel numbers (and cavity amplification factors) can be expanded if a
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convergent coordinate system is used to integrate the reverse wave rather
than a rectangular system (1. e. the cartesian system X, Z).

Let us note that the idea of introducing a convergent coordinate system is
fairly simple [Ref. 12, 14]. 1In point of fact, the reverse wave is by
nature divergent, and therefore in the case of cylindrical mirrors it is
convenient to treat it in the first approximation as a cylindrical wave'
emanating from a common focus of the optical system. Since in the geo-
metric approximation a divergent wave occupies a region on the XZ plane
that is formed by rays emanating from a focus and passing through the edges
of the mirrors (see Fig. 1), it is understandable that this reglon can be
transformed by the relation

E=fxl(f—2), n=[2/(—2), (6

where £=R)/2 is focal length and R is the radius of curvature of the large
mirror, to a rectangular region on the plane &n. If now we set '

8 it )= (= WG ep [~ g ], ©

thus isolating the rapidly varying phase factor in the transverse direction
in &; y.1, 1t can be readily demonstrated by direct calculations that the
tunction Wy, v-1 satisfies the following parabolic equation (v=1, 2):

— i Wi o128, 3 W v-n=l0—2)/fl'{%aﬁf —tm
—‘kulm(mvl)} Wo. o—ts -

vhere it should be considered that in virtue of (5),

and the functions Gé' v-1 and An depend implicitly on £n. Since &3, v-l
and Wy ) are slow functions z(n), and the radii of the mirrors as a
rule are rather large, it can be shown that &;',' v-1 and Wy .3 are related
in the planes of the mirrors by the following 'Boundary conditions:

a) when z=n=0
B milx O=(2R)'? () W5 _, (x, O);
b) vhen z=L and n=ML
W5 1§ ML)=(Ry/2)'® p,(}/M) 8}, (E/M, L).
Here M=R;/R; =£/(f -L) is the gain of the cavity, R, is the radius of

curvature of the small mirror, p;(x) and p;(x) are the amplitude coefficients
of reflection.

Thus the special transformation of coordinates eliminates the rapidly
varying phase factors in the boundary conditions for &% ang W3 this
appreciably facilitates the problem of numerical integration of parabolic
vave equations and expands the range of permissible values of Ng and M.
On the other hand, let us point out that such & transformation is helpful
in reality only when the transverse gradients An are comparatively small.
Clearly otherwise the mentioned difficulties remain in force.
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3. Initial conditions. Particulars of the numerical method

Initial conditions. As in Ref. 6, T, the calculations were done for a
mixture of (Fy-Dy-He)H;, and it was assumed that practically total dissocia-
tion of the surplus F, into atoms of F takes place with ignition of Fy-Dj
in the forechamber. Thus it was assumed that in the primary flow (i. e. in
- ) . the flcw of oxidant) emanating from the nozzle unit there is no molecular
fluorine. It was also assumed that mixing of the reagewts takes place
under standard conditions, ang the shape of the flame front is described
by the relation yg/h, = (x/xg)*® characteristic of the mode of laminar mixing.
Denoting the molar fractions of particles F, F,, He and DF in the primary
flow by £, we introduce the following parameters: ap=Ep/(Sr+ 2r,)
Pre=28uo/(6r+2Er,) and Ppp=2Epp/(Er +28r,). It is understood that ap charac-
terizes the degree of dissociation of Fj, Bje —- the degree of helium dilution
of the primary flow, and Bpp -~ the content of DF molecules.

The principal version for which the calculations were done is characterized
by the following parameters of flows: primary flow p;=5 mm Hg, T; =275 K,

u; =2.7 km/s, ap=1, BHe =15 and BpF=2; secondary flow p; =5 mm Hg, T3 =110 K
and up =2.3 km/s,

The diffusion length (characteristic mixing length) in the calculations was
taken as equal to xg=30 cm, the length of the active medium (height of
the nozzle unit) Ly =20 cm. The telescopic cavity was assumed to be
symmetric relative to the optical axis, the size of the larger (concave)
mirror being 2a; =3 ecm, and its radius of curvature R} =9 m, which were
taken as fixed in the model calculations. The latter means that when the

- quantity M is varied (coefficient of amplification) there is a change both
in the size of the small mirror 2a; =2a)/M, and in the radius of curvature,
as well as in cavity length L. Let us also note that the distance from the
nozzle tip to the optical axis of the cavity (xg =2.5 cm) was likewise taken
as fixed.

Particulars of the numerical method. In the computational approximation of
parabolic wave equations for &t, v-1 and W ., a two-layer implicit scheme
of the second order of accuracy’ (Crank-Nichdlson scheme) was used [Ref. 18],
and the resultant system of algebraic equations for net-point functions was
solved by the method of scalar sweep-out with complex coefficients (analog
of matrix sweep-out). It should be pointed out that using a sweep method
requires formulation of the corresponding boundary conditions on the side
boundaries of the integration regions, i. e. at x=41x, and £§=*£,. As in
Ref. 13, ve used zero boundary conditions &}  (+x,, 2)=0 and Wi _, (+£,, n)=0
to simplify the algorithm, and to prevent the fictitious boundaries from
influencing the structure of the fields in the cavity, they had to be
shifted quite a distance (for instance we took x,x2aj).

As a rule, the calculacions used from 300 to 600 points in the transverse
direction (along the « axis), and 40-60 points in the longitudinal direction.
This number of points is completely sufficient for guaranteeing adequate

120 L

FOR OFFICIAL USE ONLY

APPROVED FOR RELEASE: 2007/02/08: CIA-RDP82-00850R000100040017-8



APPROVED FOR RELEASE: 2007/02/08: CIA-RDP82-00850R000100040017-8

FOR OFFICIAL USE ONLY

accuracy of integration both for the equations of the active medium and
for the equations of the emission field. Let us note that the typical time
for calculating a single variant (8-10 double passes of the cavity) on the
BESM-6 computer was 1 hour, which is approximately double the time for
c[:dculnﬁing an analogous problem in the geometrical optics approximation
Ref. 6].

To speed up convergence of the iteration process vwe used (as is usually done
[Ref. 12-1L]) smoothing of the edges of the mirrors. To do this, we intro-
duced the gaussian form of uependence of coefficients of reflection on
coordinate (i=1, 2):

exp {— ?‘(X-!- al)’l' g —a,
Pl(“) - 1 |l’ l <a,
| exp | —y(x—a))'], x>a,.

In order for the edges of the mirrors to remain sufficiently -barp, the
coefficients of smoothing y4 were taken as equal to y) =y2 =103, If we
consider the fact that the order of the least number still distinct from O

- in the BESM-6 computer is 10=19, it can be estimated that the width of the
smoothing sections in our case 4id not exceed Ax0.2 cm.

Fipally, let us make one last remark. The calculation of energy character-
istics of the CWCL (reduced power of stimulated emisaion, chemical efficiency
and so on) is done according to relaticns found for I*, _;(x) in a standerd
vay [Ref. 6, 15, 17). Knowing in addition the phase d stribution in the
plane of the output mirror. and using the Kirchhoff-Fresnel integral, one

can readily find the distribution of the emission field in the far zone as
vell, 1. e. the radiation pattern. Of.course, we will not go into these
problems further here.

4. Discussion of the results

In Ref. 6, where the energy characteristics of the CWCL were calculated in
the geometric optics approximation, it was shown that under coniitions of
rotational equilibrium of working molecules stable steady-state emission

for each of the vibrational lasing bands is realized only on the one
rotational P-transition. In our research within the framework of the
diffraction approach additional study involving this problem has been done.
Investigation of the possibility of simultaneous stimulated emission on two
adjacent transitions (with J, and Jy 21) of a single band has shovn that
regardless of the choice of initial conditions the mutual competition of two
radiative transitions leads to suppression of one of them (see Fig. 2). For
instance under the investigated conditions stable steady-state lasing wvas
achieved only on lines P,(6) and P;(6), and therefore in further calculations
it vas assumed that J;=J,=6.

Let us note that in the experiments we managed to observe several lines
within the 1limits of a single band in the spectrum of the CWCL. As noted
in Ref. 6, such a spectrum may be due for instance to effects of rotational
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nonequilibrium of HF. In addition, under certain conditions effects may
also arise that are associated with the phenomenon of self-oscillatory
instability ln flow-through lasers with unstable cavities [Ref. 19], and
that cause a pulsation mode of laser operation on several vibrationsl-
rotetional transitlons.

B0, kW/cm? £y, kW/em?
Am 4| - b ,
. Aw
onls) [ Z %_ “T
“—ﬁ-ﬁé P’(.;)-m" %
&), x¥/ em? iy 0l W m?

H
'/ /]
Fig. 2. Suppression of competing radiative tramsition with two-frequency

lasing in a single band (M=2) for iteration number i=1 (a, c) and 15 (b, d),
3425 (a, b) and 6 (c, d), §"=6 (a, b) and 7 (c, d).

LRor,kW/ cn?

Fig. 3. Structure of fields in the plane of the output mirror with gain
M=1.5 (a) and 3 (b); values of v are shown on the curves.

'mé series of calculations that was done corresponded to a change of gain
in the telescopic cavity over a fairly wide range of values (M=1.3-8).
" The typical form of distribution of emission intensities of separate bands
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and their corresponding phases ¢y, v-1 in the plane of the output mirror
- for several wvalues of M is shown In Fig. 3. The corresponding radiation
patterns are shown in Fig. k.

Fig. 4. Radiation patterns for
M=1.5 (a), 2 (b) and 3 (c).
The values of v are indicated
on the curves

As noted in Ref. 13, a homogeneous active
pedium does not introduce any pertur-
bations into the field structure of an
enpty telescopic cavity, and hence does

A not spoil its radiation pattern. On the
other hand, in flow-through systems dis-
tortions are introduced into the field
structure of the active medium of the
lager (Ref. 12-14]. Let us note that the
CWCL differs from the purely gasdynamic
lasers studied in the cited works,
generally speaking, in the way that the
amplification properties depend on the
flow coordinate. As a consequence, this
also leads to less perturbation of the
field structure of the unstable cavity

N Y by the active medium of the CWCL.

42 6, mred

Of course, everything that we have said
is true only in the case vhere transverse
inhomogeneities of the index of refraction An are not too great, which is
indeed the case in the given situation (with the possible exception of the
conditions with slight helfum dilution of the mixture). Actually, if non-
uniformity of signal amplification leads mainly to skewi.g of the amplitude
diagram, inhomogeneities of the index of refraction shov vp mainly on the
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phase diagram. Clearly phase distortions have a much greater influence on
the radiation pattern than amplitude distortions (see for instance Ref. 20).

It 18 clear from the given curves that in the investigated case when M2 3
the active medium of the CWCL introduces weak distortions into the field
structure of an empty cavity, and as a consequence the radiation pattern
of CWCL emission practically coincides with that of an empty cavity with

- the sole exception of a slight overall background. Ilet us note that the
shift of curves I, o(0) and I; (0) relative to one another on Fig. U can
be attributed first of all to the difference in the wave numbers kyj of the
corresponding lines. With m further reduction in the gain of the cavity,
asymmetry shows up both in the structure of the fields and phases relative
to the optical axis of the cavity, and in the radiation pattern itself.
The most appreciable asymmetry is observed at M fairly close to unity, i. e.
in the region of strong radiation fields that lead to rapid depletion of the
active medium in the direction of gas motion. Calculations show that the
asymmetry also increases with a reduction in the degree of helium dilution
of the mixture (with a reduction in By,) and with an increase in the height
of the nozzle unit (wvith increasing LJ which can be attributed mainly to
the same causes,

Nonetheless, despite these distortions and the appearance of a background,
the characteristic angular width of the radiation pattern for each fixed M
changes comparatively weakly, and as a rule increases by no more than a
= factor of 1.5-2 as compared with an empty cavity. This circumstance enables

us to control the emission divergence of the CWCL by changing the gain M.
It 18 also clear that the reduction in divergence with increasing M is due
to an increase in the size of the luminescent region in the plane of the
output mirror, but it should be noted that at the same time there is a

drop in laser efficiency (Fig. S). The latter

% is due of course to the fact that gains on indi-
[ vidual vibrational-rotational transitions in the
CWCL are comparatively low (G¢ _320.05-0.1 cm™!

WI and Gy, v-1Lg<2).

It is of interest to estimate the limiting angular
divergence in the case considered here. Con-
sidering that A\,y*2.710~" cm, vhile the charac-
teristic transverse dimension of the region is
8x»3 cm, we get 86, ~A/8x~i0-" rad for the half-
width of the limiting angular divergence. Re-
ferring to the curves, we note that for M=1.5-2
the divergence of the CWCL is close to the limit,
and even moreso at large gains.

Fig. 5. Dependence of the
chemical efficiency of an
HF laser on gain of the
cavity

Consider now the case of a stable confocal cavity. It is known that i{n this
case the half-width of the radiation pattern is evaluated by the relation
462(A/L)%, vhere L is the length of the cavity. When Lsl-3 m, this gives
46>10-3 rad. Besides, with consideration of the multimode structure of the

12 o

.
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radiation, the latter figure must be increased by a considerable factor.
It 18 clear from these estimates that the use of telescopic cavities in the
OWCL in principle enables an improvement in the directionality of emission
by approximately an order of magnitude. Of course the actual radiation
pattern will also depend on a number of additional factors not considered

_ here: misalignment of mirrors, deviation of mirror surface from the ideal
form (4in particular due to nonuniform heating under the action of powerful
lager radiation) and so forth. Accounting for these factors goes beyond
the scope of this work.

Let us note a few more results of our research, In the first place, the
calculations show that for a fixed M, a change in cavity length L, 1. e.

in the radius of curvature of the large mirror R; (R; being varied from 3

to 15 m) has extremely little effect on either the efficiency or the
divergence of the radiation. Let us mention that with a reduction in L(Ry),
i. e. vith an increase in the Fres+el number, efficiency drops somewhat, and
there is an increase in the directionality of emission. Secondly, due to
lack of space we will not give here the results of comparison of the dif-
fraction and geometric-optics methods of calculating a CWCL with telescope
cavity. Nevertheless, it should be noted that such a comparison shows
complete applicability of the geometric optics approximation for calculating
the energy characteristics of the CWCL. For this reason we will also omit
here any discussion of the influence that individual parameters of the
system (including cavity geometry) have on the energy properties of the
CWCL (see for instance Ref. 6).

5. Conclusion

Thus our research shows that with a moderate reduction of efficiency the
use of unstable cevities in a CWCL should lead to u considerable increase
in the directionality of radiation. Even taking the losses in efficiency
into consideration, it should nevertheless be acknowledged that this is
quite sound in a number of applications. It should also be pointed out that
losses in efficiency should decrease with an increase in the length of the
active medium and in powver.

Let us note further that nothing has been said in this paper about the
inhomogeneities caused by weak shock waves and rarefaction waves that are
formed when supersonic gas Jjets are discharged into the cavity space [Ref.
21]. There has been practically no mention either of the effects caused by
flov turbulization. It can be noted with respect to the former effects that
adequate consideration on the given stage is a fairly complicated problem,
and to all appearances requires the use of Navier-Stokes equations. On the
other hand, it is also clear that it is desirable in practice to realize
modes of flow that are close to rated conditions, and in this case the
influence of the given effects is minimized.

As to turbulent effects, in the case of a CWCL on a "cold" reaction short
laser zones are usually realized, and as experiments have shown, turbulence

125

FOR OFFICIAL USE ON.Y

APPROVED FOR RELEASE: 2007/02/08: CIA-RDP82-00850R000100040017-8



APPROVED FOR RELEASE: 2007/02/08: CIA-RDP82-00850R000100040017-8

FOR OFFICIAL USE ONLY

does not have time to develop in the cavity zone. Therefore it is not
edvisable to consider these effects here. It is completely possible that

in the case of a chain mechanism of excitation (characterized by wide lasing
zones) turbulence effects may take on special significance, but analysis of
this question is beyond the scope of our paper.

APPENDIX

Form of parabolio wave equations in accounting for the vibratiomal-rotational
structure of active molecules

Let the total electromagnetic field E be a superposition of fields E,=El/7}

o=l J*

corresponding to radiative transitions on individual spectral frequencies
in the CWCL. In the general case we will assume that the lasing frequencies
Wyj do not coincide with the frequencies Q4 of molecular transitions in
the center of the lines.

Disregarding the effects of interaction of waves B..,J with each other, we
can get a wave equation of the form
1.8

#rad div Eyy— AByy m — o5 Do (A1)
from Maxwell's equations for each component of the electromagnetic field,
vhere Dyy is the vector of electric induction.
We introduce into consideration the polarization P,,J of the active medium,
and resolve it into resonance PvJ("’vJ) and nonresonance Py components; then

Dyy == ¢By - 45 Pyy (0og), (a.2)

vhere €9 =1 +Uway i3 the nonresonant component of permittivity of the medium,
and ag is dielectric susceptibility.

With consideration of (A.2), equation (A.1) takes the form

1 in @
0184 div Byy— BB,y 4 = - (4E0) = — ko PO (A.3)
Resolving the field in the cavity into a sum of forward and reverse waves
By=EY +E;, P,=p)+ Py,

ve substitute these expressions in (A.3), first having separated out the
rapidly varying phase factors in Ef and p?

Ej= ;,’i exp [{ (ot F k.,z)]. Py = ‘.ﬁ exp 1 (ogt ¥ k1))

We can easily get abbreviated parabolic equations by a conventional method
(see for instance Ref. 22, 23) for slowly varying complex amplitudes &%

£ 85+ (/2heg) 5 83 + U hesleg—1) B =20k P (017, (A.b)

Let us note that in the general case (for ingtance if the frequencies of
radiative transitions corresponding to different v and J are fairly close or
the contours of spectral lines are strongly broadened at high pressures)
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many vibrational-rotational transitions of different bands of HF may make
their contribution to polarization on the investigated frequency wyy. To
demonstrate this, it is necessary to introduce the densgity matrix § for
description of the multilevel active medium, arfd to determine the resonant
polarization in the usual vay:

Pyy (0s) == NoSp (i pf,

vhere No is the density of HF molecules, and fi is the operator of the electric
dipole moment.

Limiting ourselves to the quasi-steady state approximation and using the
approach outlined for example in Ref. 24, ve can get the following expression
(assuming combined broadening of spectral lines) for e

Postnd = Wolto) 2 43311, .., @0 [0 (a3}, B)/F (al, ). (A.5)

Let us note that the summation in (A.5) is done with respect to all possible
vibrational and rotational (p and q respectively) states of HF, the gain on
the vibrational-rotational transition p, q-1-+p-1, q being written as

05, =1 (00)) =8Py |15, ,_, [* tn2mp¥ / (shc av,)
X [Ny, = t/@a=0=N,_,, 2+ 1)]F (a3}, B),
vhere a)fms(w, —Q,)(n 9%/dw, and P = Aw, (In 2)%/An,, with Aw, = 2 Av, and

Ay =23 4va being the Doppler and Lorentz half-width of the line respec-
tively.

Then the complex function ¢(x,y) appearing in (A.5) takes the form

o~ 'dl

LI == LI

1 T @—pe=t't
vhere L= |

- _‘|
and r(x.y)-—:- 5 (‘T'”;—i-_‘—'; is the Vogt function.

Thus with considaration of (A.5) we can now represent the parabolic wave
equations for &fd in the finul form convenient for practical applications:

.0 & 1
T 37 8] +(12he)) 35 83 + thyjbn(0,) 85 = '5‘231. -1 (00 85
[ 2K )
In the latter equation we introduce the notation

1 -
Bn(wom(n—1)+ 7 3 0 1at, ,y (0o [L (3. B)IF (a3}, 8)].
. ”n e
vhere n is the nonresonant index of refraction of the medium.
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Let us note that for a mixture of gases in accordance with Ref. 25 we can
assume

[ o ";‘ ZAANI/NN
]

vhere A; is the céefﬂcient of molecular refraction, Nj is the density of
the i-th component of the mixture, Ng is Avogadro's number.

In the case of the active medium of the HF laser, the molecular refractions
of the individual components can be taken as (in ce/mole):

A, =2.09, Agp=2.0, Ap=1, Ap, =2.91, Ag=1.1 and Aye=0.52.
REFERENCES

- 1. A. E. Blegman, PROC. IEEE, Vol 53, 1965, p 277; APPL. OPTICS, Vol 13,
1974, p 353.

2. Yu. A. Anan'yev, USPEKHI FIZICHESKIKH NAUK, Vol 103, 1971, p T05;
"Kvantovaya elektronika" edited by N. G. Basov, No 6, 1971, p 3.

3. Yu. A. Anan'yev, L. V. Koval'chuk, V. P. Trusov, V. Ye. Sherstobitov,
- KVANTOVAYA ELEKTRONIKA, Vol 1, 197k, p 1201,

k. D. N. Mansell, J. A. Love, W. L. Snell, IEEE J., QE-T, 1971, p 177.

5. R. A. Chodzko, K. Mirels, F. S. Rohers, P, J. Pedersen, IEEE J., QE-9,
1973, p 923. .

6. Ya. Z. Virnik, V. G. Krutova, A. I. Mashchenko, A. N. Orayevskiy,
A. A.‘.Stepanov, V. A. Shcheglov, KVANTOVAYA ELEKTRONIKA, Vol 4, 1977,
p 2234,

7. Ya. Z. Virnik, V. G. Krutova, A. A, Stepanov, V. A. Shcheglov, KVANTOVAYA
ELEKTRONIKA, Vol 4, 1977, p 2527.

8. D. B. Rensch, A. N. Chester, APPL. OPTICS, Vol 12, 1973, p 997.
9. A. N. Chester, APPL. OPTICS, Vol 12, 1973, p 2353.
10. A. E. Siegman, E. A. Sziklas, APPL. OPTICS, Vol 13, 1974, p 2775.
B 11. J. Thoenes, J. C. Kurzius, M. L. Pearson, ATIAA PAPER, 75-20, 1975.
12. D. B. Bensch, APPL. OPTICS, Vol 13, 197k, p 25L6.
13. Yu. N. Karamzin, Yu. B. Konev, KVANTOVAYA ELEKTRONIKA Vol 2, 1975, p 256.

14. E. A. Sziklas, A. E. Siegman, APPL. OPTICS, Vol 1k, 1975, p 187k.

128

FOR OFFICIAL USE ONLY

APPROVED FOR RELEASE: 2007/02/08: CIA-RDP82-00850R000100040017-8



APPROVED FOR RELEASE: 2007/02/08: CIA-RDP82-00850R000100040017-8

FOR OFFICIAL USE ONLY

15, A. A, Btepanov, V. A, Shcheglov, ZHURNAL TEKHNICHESKOY FIZIKI, Vol L6,
l9765h p 5633 Preprint FIAN (Lebedev Physics Institute), Moscow, 1975,
No 134.

16. A. N. Orayevakiy, V. P. Pimenov, A, A, Stepanov, V. A. Shcheglov,
KVANTOVAYA ELEKTRONIKA, Vol 3, 1976, p 1896.

17. V. G. Krutova, A. N. Orayevskiy, A. A. Stepanov, V. A. Shcheglov,
KVANTOVAYA ELEXTRONIKA, Vol 3, 1976, p 1919; ZHURNAL TEXHNECHESKOY

18. D. Potter, "Vychislitel'nyye metody v fizike" [Computer Techniques in
Physics ], Moscow, Mir, 1975; A. A. Samarskiy, "Teoriya raznostnykh
skhem" [Theory of Difference Schemes], Moscow, Nauka, 1977.

19, Yu. A, Dreyzen, A. M. Dykhne, PIS'MA V ZHURNAL EXSPERIMENTAL'NOY I
TEORETICHESKOY FIZIKI, Vol 19, 197k, p T18; H. Mirels, APPL. PHYS,
LETTS, 1976, Vol 28, p 612,

2. V. I. Kuprenyuk, V. V., Sergeyev, V. Ye. Sherstobitov, KVANTOVAYA ELEK-
TRONIKA, Vol 3, 1976, p 1962,

21, Pai 8hih-i, "Teoriya struy" [Theory of Jets), Moscow, Fizmatgiz, 1960.

22. L. A. Vaynshteyn, "Otkrytyye rezonatory i otkrytyye volrovody" [Open
Resonators and Open Waveguides], Moscow, Sovetskoye radi -, 1966.

23. V. N. Lugovoy, A. M. Prokhorov, USPEXHI FIZICHESKIKH NAUF,6 Vol 111,
1973, p 203.

24. R. Pantel, G. Putkhov, "Osnovy kvantovoy elektroniki" [Fundamentals of
Quantum Electronics}, Moscow, Mir, 1972.

25. M. Born, V. Vol'f, "Osnovy optiki" (Fundamentals of Optics], Moscow,
Nauka, 1973.

COPYRIGHT: Izdatel'stvo "Sovetskoye radio", "Kvantovaya elektronika", 1979

6610
cs0: 1870 D

129

FOR CPPICIAL USE OulLY

APPROVED FOR RELEASE: 2007/02/08: CIA-RDP82-00850R000100040017-8



APPROVED FOR RELEASE: 2007/02/08: CIA-RDP82-00850R000100040017-8

END OF
FICHE

DATE FILMED
Pew. /277

APPROVED FOR RELEASE: 2007/02/08: CIA-RDP82-00850R000100040017-8



APPROVED FOR RELEASE: 2007/02/08: CIA-RDP82-00850R000100040017-8

APPROVED FOR RELEASE: 2007/02/08: CIA-RDP82-00850R000100040017-8



